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Foreword 


This  book  it  one  of  three  prepared  by  the  staff  of  the  Science  and 
Technology  Division  of  the  Library  of  Congress,  at  the  request  and  with 
the  financial  support  of  the  Directorate  of  Materials  and  Processes 
(Materials  Central),  Wrigh t-Patteraon  Air  Force  Base,  Ohio.  These 
three  books  have  been  compiled  and  published  as  part  of  the  activities 
of  the  Materials  Central  in  connection  with  the  celebration  of  its 
forty-fifth  year  as  the  center  of  materials  research  and  development 
for  the  United  States  Air  Force.  Three  activities  of  Materials  Central 
are  highlighted  in  these  publications.  One  iB  a  compilation  of  award¬ 
winning  technical  papers  prepared  by  Materials  Central  personnel, 
the  second  is  a  collection  of  abstracts  of  scientific  and  technical  papers 
and  reports  prepared  by  Materials  Central  and  its  scientific  and 
industrial  contractors  during  the  past  decade  and  a  half,  and  the 
third  is  a  chronology  of  significant  materials  events  beginning  forty- 
five  years  ago  and  ending  in  the  present.  It  is  believed  these  three 
books  will  provide  s  valuable  permanent  set  of  references  to  anyone 
interested  in  the  materials  sciences. 


ill 


Introduction 


The  Charles  J.  Cleary  Award  of  the  Materials 
Central  was  established  in  1951. 

The  purpose  of  this  award  is  to  stimulate  inter¬ 
nal  technical  activity  within  the  Materials  Central 
by  recognizing  the  outstanding  reports  and  papers 
published  by  the  personnel  of  the  Central,  and  in 
so  doing,  provide  a  means  to  honor  the  memory 
of  Charles  J.  Cleary,  who  made  so  many  significant 
contributions  to  the  materials  sciences. 

From  the  candidate  papers  nominated  by  the 
respective  laboratory  chiefs,  a  final  selection  is 
made  by  a  committee  representing  all  of  the 
laboratories  of  the  Central.  In  addition  to  the 
winning  paper,  three  candidate  papers  receive 
honorable  mention. 

It  is  fitting  that  this  award,  established  to  pro¬ 
mote  progress  in  the  materials  sciences,  should 
honor  Charles  J.  Cleary,  who  contributed  so 
greatly  to  the  solution  of  monumental  materials 
problems.  Born  on  October  12,  1891,  in  Boston, 
Massachusetts,  he  graduated  from  the  I X) well 
Textile  Institute  with  a  degree  in  textile  engineer¬ 
ing  (ca.  1915).  Upon  leaving  the  Institute,  he 
was  employed  with  the  Textile  Division  of  the 
National  Bureau  of  Standards. 

When  the  United  States  became  actively  en¬ 
gaged  in  World  War  I,  Mr.  Cleary  resigned  bis 
position  at  the  Bureau  of  Standards  and  enlisted 
in  whut  wus  then  the  Aviation  Section  of  the  Signal 
Corps.  He  was  accepted  for  pilot  training  and, 
after  receiving  his  wings,  was  an  instructor  for 
several  months.  He  was  later  transferred  to 
Ixuiglcy  Field  where  lie  was  assigned  to  camou¬ 
flage  development.  He  waS  the  pilot  on  the  first 
airplane  flights  to  demonstrate  the  effectiveness 
of  aircraft  camouflage  over  land  and  water. 

In  1920,  he  was  transferred  to  McCook  Field, 
Dayton,  Ohio,  where  he  became  Chief  or  the 
Textiles  Branch  of  the  Materials  Laboratory, 
which  hud  come  into  being  about  a  year  previ¬ 
ously.  Here  lie  was  actively  engaged  in  both  the 
fabric  ami  finishes  for  fabric  covered  aircraft. 


Under  his  direction,  a  cotton  cloth,  which  with 
modification  is  being  used  today,  was  developed  to 
replace  imported  linen  and  the  finish  was  changed 
from  an  expensive  and  temperamental  cellulose 
acetate  to  the  cellulose  nitrate  doping  system. 
The  Air  Force  still  uses  cellulose  nitrate  dope  for 
fabric  covered  airfoil  surfaces. 

1st  Lt.  Cleary  reverted  to  reserve  status  in  the 
late  1920’s,  but  remained  active  in  the  Reserve 
Corps  and  maintained  his  pilot  proficiency  for 
another  ten  years.  He  held  the  rank  of  major  at 
the  time  he  became  inactive  in  the  Reserve  Corps. 

Along  with  his  activity  in  textiles,  he  held  the 
responsibility  for  the  development  of  rubber  prod¬ 
ucts,  including  aircraft  tires.  At  the  outbreak  of 
World  War  II,  two  critical  problems  were  placed 
in  his  hands. 

One  of  these  problems  was  the  development  of 
a  textile  material  for  parachutes.  Although  work 
had  continued  for  years  on  the  development  of  a 
substitute  for  Japanese  silk  for  parachutes,  it  was 
not  until  the  discovery  of  nylon  that  a  promising 
material  came  into  light.  Mr.  Cleary  was  one  of 
the  first  to  receive  samples  of  the  newly  discovered 
fiber,  and,  after  initial  tests,  went  all  out  to  stimu¬ 
late  development  and  production  of  nylon  para¬ 
chutes.  Without  his  untiring  effort,  the  air  war 
might  have  been  waged  without  parachutes,  or  at 
best,  with  an  ersatz  item.  The  nylon  parachute  is 
a  lasting  memorial  to  his  contribution  to  aviation 
history. 

The  second  problem  was  the  almost  overnight 
requirement  to  change  aircraft  tire  production 
from  what  approached  pilot  plant  scale  to  a  pro¬ 
duction  line  item.  After  getting  tire  production 
lines  well  under  way  in  the  United  States,  Mr. 
Cleary  was  selected  as  one  of  a  group  to  establish 
production  facilities  for  B-17  tires  in  England. 

Like  silk,  the  supply  of  natural  rubber  was  cut 
off  by  Japan.  Faced  with  the  problem  of  rapidly 
dwindling  supplies  of  natural  rubber,  Mr.  Cleary 


v 


immediately  pressed  the  wartime-developed  syn¬ 
thetic  rubbers  into  use  for  Air  Force  equipment. 

In  addition  to  his  technical  capabilities,  Mr. 
Cleary  had  a  personality  that  is  rarely  found. 
He  had  few  equals  in  his  ability  to  influence  people 
and  make  friends.  His  ability  to  meet  any  situa¬ 
tion  with  un  appropriate  anecdote  was  known 
throughout  the  Air  Force. 


Mr.  Cleary ’8  health  began  to  fail  during  the  last 
two  years  of  the  war.  He  suffered  a  fatal  heart 
attack  on  returning  from  a  local  high  school  foot¬ 
ball  game  on  the  evening  of  September  29,  1945. 
He  was  55  years  old.  At  the  time  of  his  death, 
Mr.  Cleary  held  the  dual  position  of  Assistant 
Chief  of  the  Materials  Laboratory  and  Chief  of 
the  Textiles  and  Rubber  Branch. 


vi 


Contents 


Foreword . . . .. .  iii 

Introduction . . .  v 

A.  Herzog.- .  3 

Elevated  Temperature  Fatigue  Testing  of  Turbine 

Buckets . . 5 

Part  1.  Calculations  of  Natural  Frequencies  and 

Stresses  and  Proposed  Testing  Methods . .  5 

Part  2.  Fatigue  Tests  of  Turbine  Buckets  Under 
Static  Axial  nnd  Superimposed  Vibrational 
Bending  Loads . 15 

W.  H.  Rector .  41 

Elevated  Temperature  Testing  Procedures;  Continuous 
Recording  of  Time-Deformation  Readings  During 
Creep-Rupture  Testing  at  Temperatures  Up  To 
1200°  F . 43 

F.  F.  Bentley  and  G.  Rappaport . . . 51, 55 

Quantitative  Analysis  of  Elastomers  Through  the  Infra¬ 
red  Spectra  of  Their  Pyroly sates. .  57 

D.  Roller . 71 

An  Electrical  Conductance  Test  Method  for  Measuring 
Corrosion. .  73 

Qu  A.  Rausch  and  A.  M.  Lovelace . . . 91, 93 

The  Preparation  and  Properties  of  Some  New  Fluorine- 
Containing  1 ,  2-Epoxides .  97 

>1,  D.  Ravsch,  M.  Vogel,  and  H.  Rosenderg .  103, 107, 109 

Derivatives  of  Ferrocene. 

Parti.  The  Metalation  of  Ferrocene .  Ill 

Part  2.  Some  Reduction  Products  of  Benzoyl- 

ferrocene  and  l,l'-Dibenzoylferrocene .  117 

Part  3.  The  Preparation  of  Some  Acylferrocenes 
and  Alkylferrocenes.. - - - 121 

W.  R.  Griffin .  . - . - .  127 

A  Room  Temperature  Vulcanization  System  for  Selected 
Fluorine-Containing  Polymers. , . 129 


B.  A.  Wilcox . 139 

Strain  Aging  Effects  in  Columbium  Due  to  Hydrogen..  141 

D.  A.  Kirk . . .  157 

The  Effect  of  Gravity  on  Free  Convection  Heat  Transfer; 

The  Feasibility  of  Using  an  Electromagnetic  Body 
Force . 159 

R.  T.  Ault . . __ . .  191 

Initial  Yielding  and  Fracture  in  Notched  Sheet 
Molybdenum . 193 


viii 


ALBRECHT  HERZOG 


Elevated  Temperature  Fatigue  Testing  of 
Turbine  Buckets 


1952 


ALBRECHT  HERZOG 


Alhtccht  Hereof  wm  born  January  2,  1901,  in  Fra:*  trt-ain-M*in, 
Germany  Hr  attended  the  Orman  H%-  School  in  CV>-t*tantiaople, 
Turkey,  until  ISIt,  ami  than  rttumd  to  Germ*.  -  where  Hr  attended 
thr  fnatitutr  of  Technology  in  Darmstadt.  K:  received  the  M  S. 
degree  in  inrrhanical  mginrrong  in  IU1  am.'  thr  PH.  b.  drftw  in 
IMS. 

In  '9?^.  hr  was  employed  by  thr  DarmaUdl  Institute  of  Tech¬ 
nology  a»  a  laboratory  engineer.  and  at  thr  time  of  his  departure  in 
was.  head  of  the  Laboratory  for  Fitginatring  Construction 
From  lyJ*  to  IMS,  hr  war  soagned  aa  erien'ist  and  branch  chief  of 
thr  Department  fee  Strength  Research  of  the  Institute  for  Aero- 
nautiral  Rest  arch.  Brunswick,  Germany 
Mr.  Hmog  cam.'  to  thr  United  States  in  IP4S  under  contract  to 
Wright-Pattenon  Air  Fort*  Boot,  Ohio.  Hr  was  aowgned  to  what 
was  then  the  Material*  Laboratory  and  hae  remained  with  this 
organisation  since  l.tet  time.  He  ia  rummtiy  in  t»e  Advanced 
MstaBurgwal  Studies  Branch,  Metals  and  Ceramics  Laboratory, 
Pwecterate  of  MateneJa  and  Pioisssni 
Mr.  Herasg  was  a  member  of  the  Ernst  Ltti>vr  Society  of  the 
Inrtitwte  of  Technology.  Darmstadt,  Germany,  and  of  the  Libsnthei 
Society,  Berks.  Germany.  He  in  currently  e  member  of  the  Schmlitr 
Society  for  Aviation  (WGL).  Germany,  and  m  tinted  in  the  tenth 
edition  of  Amertemm  item  ef  Seine* 


BtBUOCtAPHT 


tbaaeeeO  a  sen  os  Onirsliiiliee  of  neats*  serf  *u<s <  is  wstmtlei  enueh 
the  am  seal  MW  hneSMterfk  tteeOa).  IMA 


Vtth  Kajna*  serf  IV  istnept .  [Mm* 
s*i  ae  rutsiss*  tfePwssrfMames. 

feVestey  «.  |«T 


IV*  ftaVSkee  thr*«e>.  tO  (S  *> :  »  I? 


ttmsxS  wow*  se  neon*  as*  ansi  «f  W*t  tsass  [V*  k*MV<  IlHtai'. 

two. 


Wa  Kays*  \  *s«V  ear  KtOrmw  On  Poaese*mn**nste*  «a  lUtaa**  (V* 
tv*  *aMkae  llMUei.  »*  me- IV  Hanti  ■  Itm 


hewn  !*»M  ea  anS»  serf  aueaae  V  frfuee  on**  NMaVt  **  "I'M" 
"*M  W  lemma  for  Wlm*s*Wt>rf. .  IMrftsea  ;W*ts>i.  tstt 

Hear*  "fM  ea  aeleUao  MrfN  ISUoe*  mm  at  twarf  iVsrfaa  pWVrf  sat 
■  ihieearf  Was  fINOrf  aa  "VM~  reel  t|r  hunk  t*r  thssataWM 
hirfas  ii.  (CsHWi.  test 

IVntrf  T  am  'I  ■>'  F«a%a*  T*a*s  at  Yvrfha  PeM>  I  <MnkMs*  at 
X at  seat  rw**an  serf  has*  aarf  FMs  ami  1MW  *  Ua*>  Weed*  as 
tSetow  a  tVasi*  MsMtaV  UtaMerr.  Aetp»-fWi ******  Vi*  fas  Maw. 
•*m  *r  Tiefcalaal  IVoart  *s  ML  Mas  l«* 


1 


Klcvated  Temperature  Fatigue  Testing  of  Turbine  Buckets.  II.  Fatigue 
Teats  of  Turbine  Buckets  under  Static  Axial  and  Superimposed  Vibrational 
Bending  Loads.  Wright  Air  Development  Center.  Materials  Laboratory, 
Wright- Patterson  Air  Force  Base,  Ohio.  AF  Technical  Re|>ort  no.  5036,  March 
1953. 

Fatigue  Test  in  e  of  Turbine  Buckets.  Presenied  at  the  Spring  Meeting  of  the 
Society  for  F.xperimental  Stress  Analysis  in  Los  Angeles,  Calif.,  April  1955.  In: 
Proceei  ig,"  of  the  Society  for  Kxperimentnl  Stress.  Annlysis,  X V ( 1 ) : 2 1  -34,  1057. 

The  Notch  Sensitivity  of  Structural  and  Gas  Turbine  Materials  under  Creep  Rup¬ 
ture  IjOiid.  Paper  presented  at  the  Iiistitutes  of  Technology  in  Munich,  Darm¬ 
stadt  and  Karlsruhe,  Germany,  July  I960. 

Strength  Investigations  on  Ur.idimcnaionally  Grown,  Crystalline  Iron  Whiskers. 
PaiH-r  presented  at  'he  Institutes  of  Technology  in  Munich,  Darmstadt  and 
Karlsruhe,  Germany,  July  1961. 

A  Contribution  to  the  Morphology  of  Uniditnrusioiially  Grown,  Crystalline  Iron 
Whiskers.  Paper  presented  at  the  I’nivcisitv  of  Saarbruccken.  Germany,  July 

iwn. 

Morphology  and  Strength  of  Iron  Whiskers.  Paper  presented  at  the  University 
of  Michigan,  Ann  Arbor,  Michigan,  March  1962. 


t 


Elevated  Temperature  Fatigue  Testing  of 
Turbine  Buckets 

A.  HKRZCX; 

Part  1.  Calculations  of  Natural  Frequencies  and  Stresses  and  Proposed 


Testing 

INTRODUCTION 

Present  developments  iii  uirerafi  design  tirccssi- 
U(r  precise  knowledge  ulioiit  the  behavior  of 
materials  under  elevated  temperatures  and  com¬ 
bined  stresses.  An  rssrntia!  component  in  modem 
aircraft  is  the  jet  engine.  The  materials  exposed 
to  the  most  severe  conditions  in  such  an  engine  arc 
those  used  in  the  disign  of  combustion  chamber*, 
vanes  ami  buckets.  These  components  have  to 
operate  without  failure  for  shout  t.000  hours.  The 
most  unfavorable  conditions  prevail  m  buckets 
due  to  the  combination  of  aentrifugal  stresses, 
vibrations  and  temperature*  imposed,  fn  the 
investigation  of  turbine  buckets  the  stress  in  the 
material  under  observation  9  affected  by  aurh 
variables  as  shape,  load,  temperature,  modulus  of 
elasticity,  damping  due  to  fastening,  and  internal 
friction  in  the  material.  Because  one  or  more  of 
these  variables  affect  each  bucket,  many  types  of 
bucket  failures  hove  been  observed.  The  investi¬ 
gation  described  in  this  paper  was  undertaken  to 
determine  the  influences  of  stress  on  bucket  failure. 

For  many  years  the  NACA  conducted  engine 
teat*  on  .he  atind  to  investigate  buckets  by 
measuring  stresses  and  strains  si  operating  speeds 
and  temperatures  Very  valuable  information 
was  obtained.  However,  the  actual  operation  of 
the  mgine  for  such  tesla  imposed  considerable 
restrictions  on  the  type  of  measurement  and  the 
locations  from  which  most  reliable  data  could  be 
obtained.  In  addition  the  instrumentation  of 
*>*ch  a  test  engine  became  very  complex  ami 
expensive.  Despite  this  effort  only  certain  ratios 
of  centrifugal  to  vibrational  loads  could  be  realised, 
while  other  load  ratios  apparently  occurred  in 
engine*  during  flight  These  conahleralions  and 
consequently  the  desire  to  devise  a  simpler  method 


Methods 

In  simulate  service  condition?  led  to  the  develop¬ 
ment  of  the  test  method  to  he  presented.  A  satis¬ 
factory  Moratory  test  will  assure  sufficient  flexi¬ 
bility  provided  that  the  ratio  of  axial  to  the 
vibrational  bending  load  can  be  adjusted  to  all 
pertinent  values  and  f  the  amplitudes  are  large 
enough  to  obtain  fatigue  failures  within  short  time 
periods.  The  latter  condition  is  essential  for 
establishing  *»-N  iliagrams  in  the  lifetime  range  of 
the  specimens. 

In  the  engine  test  it  is  difficult  to  wcurately 
determine  the  number  of  cycles  to  failure.  The 
engine  has  to  be  slopped  in  order  10  check  the 
buckets  for  the  start  of  fatigue  failures,  and  the 
cooling  and  thermal  effects  impose  unknown 
stress—  on  the  buckets.  Successive  engine  starts 
will  involve  similar  stresses  in  the  opposite  direc¬ 
tion.  then  by  clouding  the  final  result*.  Any 
approach  attempted  should  try  to  eliminate  such 
difficulties.  However,  disadvantages  also  have  to 
be  tolerated  for  the  benefit  of  obtaining  a  simple 
teat  arrangement.  Once  such  a  test  procedure  is 
developed  it  may  be  used  for  testing  not  only 
turbine  buckets  but  Jao  similarly  loaded  parts  in 
the  engine  like  compresror  klaoea,  compressor 
van—  in  various  shapes  and  fastenings  at  any 
W  n  per*  lure  desired  and  with  the  application  <>f 
vuvMia  ratios  of  temuon  tn  bending  stresses 

It  is  emphasised  ths;  the  tests  presented  ap¬ 
proximate  service  conditions  in  such  s  way  that 
they  simulate  the  mam  forces  acting  and  that  tin  y 
can  be  checked  by  other  considerations.  During 
srluid  service  operation  other  smaller  and  lets 
influential  forces  may  be  superimposed  over  the 
fundamental  atrraa  distribution  which  may  changr 
failure  locations.  However,  the  main  distribution 
of  forces  is  maintained.  The  test*  were  conducted 
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At  the  fundamental  frequency  of  the  bucket  in¬ 
cluding  the  ndditioiinl  musses  of  the  teat  equip¬ 
ment.  If  under  these  circumstances  the  experi¬ 
ments]  results  coincide  with  the  results  obtained 
from  service,  provided  the  latter  pertain  to  the 
same  vibrational  mode,  i.  can  he  assumed  that  the 
point  where  the  'inure  occurs  is  located  at  the 
critical  fibre  in  Is  .h  test  and  service.  This  leads 
to  the  concept  that  despite  a  substitution  of  the 
static  load  for  the  centrifugal  load  the  relative 
stress  distribution  closely  approaches  that  obtained 
in  service. 

!n  the  specific  ease  of  operating  n  bucket  in  an 
engine  additional  stresses  such  ns  thermal  and 
aerodynamic  stresses  may  lie  superimposed  ove. 
the  fundamental  stress  system.  Thermal  stresses 
occur  only  w  hen  the  engine  is  starting  or  is  rooling 
therefore  occurring  during  a  relatively  short  por¬ 
tion  of  the  operational  time.  Aerodynamic 
stresses  sre  continuously  present;  however,  their 
magnitude  is  not  very  large.  The  refinement  of 
the  teat  procedure  including  such  additional  influ¬ 
ences  may  be  exercised  in  future. 

Basically  the  approach  selected  perimts  a 
calculation  of  the  main  stresses  to  He  #x peeled 
in  operating  a  bucket  whirls  has  tees  designed 
for  aerodynamic  efficiency .  Jiltn  aonafltliba 
of  such  a  calculation  the  nereasay  information 
is  obtained  for  prediction  ml  gnaxsnusn  stresses 
pertaining  to  the  assumed  speed  and  unit  amplit 
■  ude  of  the  vibration. 

The  comparison  between  the  maximum  stress 
for  the  bucket  materia)  end  the  multiple  of  the 
unit  stress  previously  calculated  indicates  the 
maximum  possible  amplitude  which  ran  be 
psrmitted  without  foiling  the  bucket.  If  the 
maximum  permissible  amplitude  stay's  below 
amplitudes  usually  obtained  for  buckets  consider¬ 
ing  the  damping  factors  resulting  from  tbe  root 
fsetsoing  and  the  internal  damping  of  the  material 
at  tern  port  tore,  tbe  part  will  he  designed  safely  to 
resiot  fatigue  failurea. 

TEST  METHOD 

Tbe  factors  just  mentioned  end  particularly 
the  action  of  external  forces  as  they  act  on 
buckets  during  engine  operation  were  considered 
in  tbe  development  of  the  test  device  shown 
schematically  in  Fig.  1.  The  turbine  wheel  is 
ttapended  in  a  fork  by  a  renter  boll  which 
can  be  tightened  to  keep  the  wheel  from  ro¬ 
tating.  The  fork  ran  be  rotated  around  the 


Fiuil  I.  Test  Mini  lor  nervier  simulated  bucket 
Snvratixation. 

center  axle  «f  frame  structure  and  is  fas¬ 
tened  with*  nugpaOhe  proper  position  to  the 
upper  part  ut  tfie  frame.  The  centrifugal  force 
can  then  to  sinadatod  by  a  static  axial  load 
applied  to  dh#ftaaHet  by  means  of  wedging  iaws. 
Fig.  2  shows  the  tapping  arrangement  on  the 
burket.  The  fkwt  wedge  into  a  centerpiece 
which  has  acsOfctga  for  toife  edges  aligned  lateral 
to  the  bucket  axis.  The  knife  edge  axis  was 
directed  through  the  centroid  of  the  crow*  section 
area  of  the  bucket  at  the  fastening  location.  A 
ring  with  supports  for  the  knife  edges  as  shown  in 
Fig.  2  transmits  the  axial  force  to  a  pull  bar 
which  in  turn  is  fastened  to  a  nut  with  a  washer, 
both  with  spherics!  contact  faces  in  order  'o  allow 
for  alignment  In  tightening  this  nut  any  de¬ 
sired  tensile  force  may  be  applied  to  the  bucket. 


Knit  at  2.  Huckn  *rl;i  aud  attachment  with  freedom  fur 
lateral  vibration. 


However,  some  freedom  of  movomeiil  is  still 
possible  for  laterally  applied  vibrational  forees 
due  to  the  knife  edge  nrranjreinen!.  The  lateral 
forces  are  introduced  into  the  system  at  the  ring 
mentioned  above  and  the  ring  is  vibrated  at  150 
cycles  per  second,  the  natural  frequency  of  the 
bucket  system.  The  <  oss  section  of  the  bucket 
is  curved  and  in  order  to  prevent  undesired 
stress  from  being  introduced  by  the  grijis,  the 
wedging  '"'vs  have  to  fit  this  curvature  accurately. 

The  app!‘‘  ttion  of  an  axial  load  to  the  bucket 
instead  of  a  centrifugal  force  produces  a  dif¬ 
ference  m  the  stresses  applied.  However,  for 
investigative  purposes  the  stress  in  the  criti¬ 
cal  area  may  be  adjusted  to  the  proper  value. 
Since  smaller  moments  occur  nearer  the  buck"; 
tip  than  at  the  critical  cross  section  and  since 
the  temperature  is  lower  in  this  region,  the  sig¬ 
nificant  combined  axial  and  bending  stress  is 
still  to  be  expected  at  the  critical  cross  section. 

Parallel  to  the  axis  of  the  knife  edges  the 
armature  of  the  vibration  generating  magnet 
is  fastened.  The  magnet  L  located  in  front  of 
the  armature  leaving  an  air  gap  of  0.064  inch. 
For  maximum  efficiency  at  a  given  amplitude 
the  proper  size  of  this  gap  is  critical.  How¬ 
ever  :he  0.064-inch  gap  size  was  satisfactory 
and  was  kept  constant  throughout  the  investiga- 
tiot  .  The  magnet  coil  is  activated  by  a  3,000 
watt  amplifier  manufactured  by  Oakton  Engineer¬ 
ing  Company  of  Chicago.  The  amplifier  was 
deaignr  ’  to  furnish  the  fundamental  and  second 
harmonic  frequencies  of  t'e  buckets  with  large 
amplitudes.  This  i„  necessary  because  short 
time  fatigue  tests  which  can  lie  carried  out  only 
with  Urge  stresses  consequently  require  Urge 
amplitudes. 

The  bucket  airfoil  sections  liciweeti  the  root 
and  the  grip  were  netted  induct i .eiy.  The  in¬ 
duction  i. eating  "oil  a  as  shaped  and  the  dis¬ 
tance  from  the  specimen  was  maintained  such 
that  the  same  temperature  distribution  over 
the  included  length  as  obtained  as  that  measured 
during  engine  operation  in  test  stands.  So 
far  not  many  actual  temperature  nn> 
over  the  airfoil  length  of  the  bucket  have  been 
made  in  operating  engines  ami  no  information  is 
available  from  actual  (light  omlition*.  However, 
when  these  data  ere  obtained  actual  conditions 
can  be  rep.oduced  Thr  f requeues  used  for 
induction  heating  w..s  30  me.  The  lies.rr  had  a 
rapacity  of  5.5  kw  amt  full  output  energy  was 
seldom  necessary.  In  continuous  operation  for 


fatigue  tests  the  temperature  could  be  kept 
fairly  constant  without  additional  refinements 
provided  drafts  in  the  testing  room  were  prevented. 

I NSTRl  MENTATION 

in)  A .via/  l.imtl  MmsuivmviU. a 

As  indicated  before,  several  variables  bad  to  be 
maintained  constant  in  order  to  interpret  the 
results  clearly.  Fig.  5  shows  a  general  view  of  the 
test  arrangement  with  test  stand,  amplifier,  induc¬ 
tion  beater  and  temperature  recorder. 


Fun  at:  5.  t iiiwral  arraiiKcuiciit  of  the  lot  i'iiiil|iiarnt. 


Thr  axial  load  was  checked  and  adjusted  by 
strain  gages  on  the  axial  pull  bar.  For  precise 
results  the  modulus  of  elasticity  of  the  bar  material 
is  essential.  It  was  drtennined  separately  hv  a 
cHieful  in  vestige  turn.  During  the  tests  the  load 
originally  applied  was  checked  frequently. 

Tlw  creep  of  the  bucket  material  at  high  tem¬ 
perature  levels  could  have  been  a  factor.  Thus 
tests  were  made  to  drlermine  I  he  influence  to  be 
expected  by  imposing  a  onstant  tensile  load. 
This  investigation  showed  that  for  the  axial  loads, 
materials,  and  temperatures  used,  uo  significant 
influence  could  hr  measured  over  extended  time 
periods.  Titer*  tore  the  control  of  this  variable 
was  neglected . 

The  actual  st  vases  on  the  bucket  in  the  critical 
area  were  measured  with  strain  gages  at  room 
temperatutc.  For  this  purpose  ten  elect ricsl  strain 
gage*  were  plaeed  around  the  perimeter  of  the 
i  hit  al  mws  section.  These  gages  were  used  tor 
static  anti  dynamic  measurements  One  compen¬ 
sating  gage  was  utilized  in  connectio  t  with  a  suita¬ 
ble  switch  and  an  SK  4  strain  indicator.  For 
static  Measurements  the  switch  permitted  the  sub 


sMtution  of  individual  active  {rages  on  the  hueket 
in  the  measuring  circuit. 

(ft)  fhiuimir  Mra.iurcmrnl.i 

For  dynamic  measurements  the  active  gage  was 
user!  as  one  arm  in  a  bridge  operated  with  a  3- volt 
battery  as  show  schematically  in  Fig.  4.  The 


potential  across  the  bridge  was  fed  into  an  inverter 
amplifier,  the  output  of  which  was  connected  to 
the  Y-axis  of  a  Dumont  dual  beam  oscilloscope. 
Starting  from  the  point  where  the  axial  load  was 
applied  to  the  bucket  the  plain  vibrational  stresses 
could  be  measure  ' 

For  elevated  temperatures  the  strains  could  not 
he  measured  because  of  space  limitations  and  in¬ 
fluences  hv  the  induction  coil.  In  this  ease  dellec- 
tiot  readings  were  taken  and  the  corresponding 
stresses  on  the  bucket  at  the  desired  location  were 
calculates!  from  the  deflection  using  the  stress  and 
deflection  measurements  at  room  temperature  as 
a  calibration.  The  deflection  during  vibration  at 
ten  peratnre  was  determined  by  applying  a  mirror 
to  the  jaw  holder  and  utilizing  a  Stroltotac  and 
scale  as  shown  in  Fig.  5.  Adjusting  the  Stmhotac 
to  approximately  the  operating  frequency  of  the 
bucket,  deflection  angle  could  be  read  in  radiana 


Flora*  S.  Oplfeat  system  for  measuring  dynamic 
deflection. 


by  means  of  n  telescope  which  was  aimed  at  the 
mirror  so  t hut  the  scale  in  front  of  the  Strubotai 
could  be  read.  The  mirror  holder  wras  rigid  in 
order  to  have  no  natural  vibration  of  its  own  in 
the  vicinity  of  the  test  frequencies  and  conse¬ 
quently  no  difference  in  reading  was  obtained  be¬ 
tween  a  mirror  on  the  bucket  and  one  at  the  jaw 
holder.  Therefore  it  eoidd  he  assumed  that  the 
readings  with  the  mirror  on  the  jaw  holder 
reflected  the  true  deflection  of  the  bucket  at  the 
gripping  location. 

For  fatigue  measurements  the  number  cf  cycles 
to  failure  have  to  he  determined.  This  was  accom¬ 
plished  by  checking  the  vibration  frequency  of  the 
hueket  as  closely  as  possible  and  by  nnastiring 
the  elapsed  time  to  failure.  The  amplitier  was 
equipped  with  a  timer  which  was  activated  at  the 
instant  the  plate  voltage  was  applied  which  cor- 
spomls  so  tlic  instant  when  vibrations  were 
generated. 

The  I  lick  ct  system  was  vibrated  at  the  funda¬ 
mental  frequer  .  y  which  was  fairly  low  due  to  the 
additional  masses  necessary  fo.  applying  the  static 
anil  the  vibrational  hemline  forces. 

The  overall  syst  n  inside  the  frame  has  several 
resonance  (Mints.  Beside  the  actual  buck.'!  fre¬ 
quency  the  most  noticeable  other  resonant  fre¬ 
quencies  were  those  of  the  frame,  the  frame  on 
its  supports  ami  the  cantilever  support  plate  for 
the  magnetic  driver.  However,  all  of  these  were 
fairly  well  displaced  from  the  bucket  frequency 
thus  imposing  no  special  problems.  Nevertheless, 
one  other  frequency  caused  difficulties  in  some 
eases.  This  frequency  was  the  natural  torsional 
frequency  of  the  bucket.  It  is  well  known  that 
the  fundamental  torsional  and  bending  frequenries 
an1  often  rlosc  in  parts  which  have  low  natural 
frequencies.  In  this  investigation  the  separation 
of  these  two  frequencies  was  complicated  due  to  the 
screw  type  neutral  axis  which  produced  a  small 
amount  of  torsional  movement  under  bending 
loads  However,  this  difficulty  was  overcome  by 
the  addition  of  smalt  masses  on  the  ring  thus 
displacing  the  bending  from  the  torsional  resonance 
point.  A  sidelight  which  might  he  noted  here  is 
that  the  influence  of  frequence  on  fatigue  ’intils  is 
being  investigated  separately  and  may  be  reported 
at  a  later  time  as  a  theoretiral  evaluation. 

(r)  Temperature  Slrtiiurtmeals 

The  measurement  of  temperatures  at  the 
healed  section  of  the  bucket  presented  'onto 
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prolilrms.  These  tests  were  rondm-tcd  using 
H  Rudinmatie  pyrometer  with  a  llnimywcll  re¬ 
corder  set  lot  a  temperature  ratine  of  Silt)3  F  to 
F.  The  optieal  system  ill  the  Kailiamalie 
was  designed  for  a  « list  a  tire  of  ti  iuelies  from  the 
heated  sttrfaee  ami  a  target  al.a  of  inch.  Tints 
it  was  possible  to  aim  the  deice  hetweeli  two 
turns  of  the  heating  i  ..il.  The  airfoil  area  was 
then  eheeked  for  temperature  distribution  in  the 
axial  and  in  the  lateral  direction.  Tim  same 
indicating  location  at  the  (ratlins;  edge  was  used 
for  recording  the  nominal  temperattire  during 
successive  fatigue  tests. 

The  ealihration  of  the  Kadiaiimtic  is  critical 
because  it  is  a  total  radiation  pyrometer  which 
was  adjusted  to  Itlack  body  temperature.  Thus 
the  etnissivity  of  the  bucket  material  under 
operat'onal  conditions  has  to  lie  the  base  for  the 
measurements.  In  order  to  calibrate  the  device 
a  small  tlise  of  the  material  to  lie  measured  was 
placed  inside  a  crucible  which  was  located  lit  a 
metal  ttlln*.  The  tlise  was  heated  by  a  resistance 
wire  coil  inside  the  tube.  For  comparison  ol 
temperatures  a  thermocouple  was  welded  to  the 
tlise  and  the  Kailiaiilutie  was  aimed  at  the  location 
controlled  by  the  thermocouple.  < 'alibraliou 
leadings  were  taken  after  the  tlise  was  oxidized  oil 
the  surface  over  e.lt  extended  time  period.  In  this 
wav  the  '’ndiuliuitic  was  set  to  coincide  with  the 
thermocouple  rcmtitigs  and  this  temperature  was 
assumed  for  setting  the  bucket  temperature  at  the 
hottest  area  of  the  trailing  edge. 


KiiaiHK  ti.  Schematic  I’inKra'i,  n(  dynamic  t-aliliraliiat 
instrumentation. 

FAVU  VTI(‘\  OF  STKKSS 

\iK\st  a  f:\ik.\ts 

Tite  axial  strains  ucasuicd  at  the  previously 
mentioned  III  locations  around  tin1  perimeter  of 
the  critical  cross  section  of  the  bucket  were  used 


Fh.i  kk  7.  Ili-trilmi  ion  of  ;*\ial  on  thi*  conravo 

:»inl  fotiWX  -ill**'  of  I  hr  rro"  MTtion. 


to  calnilato  tin*  stresses.  For  this  calculation  the 
modulus  of  elasticity  of  the  bucket  material  at  the 
applicable  temperature  was  utilized.  Four  series 
of  readings  were  taken  and  averaged. 

The  stresses  were  plotted  together  with  a 
presentation  of  the  cross  section  area  of  the 
bucket  at  the  critical  location  in  the  direction  in 
which  they  net  ns  shown  in  Fijr.  7.  Then  the 
ctpiilihrium  between  the  external  and  the  internal 
forces  at  this  section  was  eheeked.  The  deviation 
between  the  applied  and  the  calculated  forces  was 
(Mia  percent.  However  every  case  investigated 
showed  some  bending  in  addition  to  the  axial 
for  m,  ns  shown  in  Fig.  7.  This  bending  was  due 
both  to  the  bucket  shape  with  its  screw  type 
neutral  axis  and  the  tilt  of  the  bucket  away  front 
the  radial  direction. 

In  operating  engines  these  bending  stresses  will 
also  be  superimposed  on  the  plain  centrifugal  stress 
for  the  same  reasons  although  their  magnitude  will 
(..obahlv  be  different.  The  only  essential  differ¬ 
ence  between  stresses  c.n  the  bucket  in  this  te<d 
and  the  actual  operation  of  u  bucket  in  an  engine 
is  the  distribution  of  stresses  over  the  length.  n 
the  test  stand  the  constant  axial  load  produces  i’i- 
creasing  stresses  toward  the  bucket  tip  beeau  e 
or  the  decreasing  cross  sectional  area  whereas  in 
the  operating  engine  stresses  increase  toward  the 
root  because  of  the  mass  increase  with  increasing 
distance  from  the  tip.  The  tilt  of  the  bucket  is 
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used  in  some  designs  to  compensate  for  the  pas 
forces  though  this  conipensati*”:  is  exactly  true 
only  for  one  fixed  speed  of  the  wheel  and  for  a 
certain  temperature  ami  will  not  hold  for  different 
conditions.  It  is  therefore  questionable  whether 
stuh  a  design  w  ill  be  beneficial. 

One  purpose  of  this  investigation  was  the  com¬ 
parison  of  fatig.  stresses  in  critical  fibres  under 
combined  loads  with  'he  results  obtained  in  the 
conventional  axial  loading  fatigue  tests.  The  crit¬ 
ical  fibres  in  fatigue  in  this  test  are  those  on  the 
leading  edge.  The  static  axial  stress  on  these 
fibres  is  frequently  close  to  zero  so  that  only  com¬ 
pletely  reversed  dynamic  stresses  have  to  be  con¬ 
sidered.  Therefore  if  the  test  results  obtained 
from  the  lest  stand  for  the  buckets  and  from  re¬ 
versed  bending  load  fatiuue  test  machines  agree 
for  the  same  maximum  stress  then  the  design 
stresses  for  various  bucket  desiprts  can  be  deter¬ 
mined  theoretically  by  nsittp  reversed  hendinp 
load  fatipue  test  data. 

The  dynamic  stresses  due  to  vibrational  bend- 
inp  were  investigated  separately  ns  mentioned. 
In  preparation  for  this  measurement  calibration 
of  the  instruments  was  necessary  showinp  the  re¬ 
lationship  between  dynamic  stress  on  the  beam 
and  amplitude  on  the  oscillosco|>e  screen.  Pip.  *> 
shows  schematically  the  arrangement  for  the  cali- 
hre'ion  in  which  a  cantilever  (team  of  uniform 
cross  section  over  the  length  was  used.  I'sing 

S  STRESSES  ON  CONVEX  SIDE 


Fi*;(RE  8.  Distribution  of  dynamic  on  the 

concave  and  convex  sides  of  the  cross  section. 


the  standard  static  relationship  the  stress  at  the 
location  of  the  strain  page  was  calculated  from 
the  deflection  and  plotted  against  the  amplitude 
on  the  oscilloscope  screen.  Since  both  the  in¬ 
verter  amplifier  and  the  oscilloscope  had  linear 
characteristics  a  linear  relationship  between  the 
two  variaoles  resulted. 

For  the  dynamic  measurements  on  the  bucket  a 
bridge  circuit  was  used  as  previously  described. 
Thus  the  stresses  around  the  perimeter  of  the 
bucket  a!  the  critical  cross  section  could  •ce  meas¬ 
ured  at  room  temperature.  The  result  was  plotted 
as  shown  in  Fig.  s.  It  can  be  seen  that  the  stress 
distribution  does  not  represent  plain  bending  be¬ 
cause  the  compression  and  tension  forces  are  not 
equivalent.  The  areas  on  each  side  of  the  plane 
through  the  centroid  parallel  to  the  main  bending 
plane  are  different  in  size.  The  reason  for  this 
result  is  the  arrangement  of  the  vibrating  system. 
When  this  system  is  moved  perpendicular  to  the 
system  axis  at  the  point  where  the  axial  force  is 
applied  10  the  bucket  this  axial  force  increased 
with  increasing  lateral  amplitudes.  For  high  axial 
forces  and  rigidity  in  respect  to  length  tiitse  forces 
may  increase  considerably.  Consequently  the 
measurements  include  the  increase  in  axial  force. 
Fig.  9  call  not  be  interpreted  as  a  simple  super¬ 
position  of  Fig.  7  and  Fig.  $.  because  the  dynamic 
stress  shown  in  Fig.  N  was  increased  proportionally 
lo  such  an  extent  that  the  maximum  combined 
stress  would  be  equal  to  the  stress  at  the  endur¬ 
ance  limit  of  the  materiul.  Fig.  9  therefore  shows 
the  maximum  permissible  stress  at  the  edge  of 
the  bucket  and  the  distribution  of  related  stresses 
around  the  cross  section. 

It;  order  to  check  the  variation  of  axial  force 
with  lateral  amplitude,  measurements  of  the 
change  of  axial  force  werr  made  by  connecting 
the  calibration  system  for  dynamic  stress  meas¬ 
urements  to  the  strain  gages  on  the  pull  bar. 
Considerable  non-linear  increase  of  axial  stress  was 
obtained  as  the  lateral  amplitude  was  increased. 

Measurements  were  conducted  for  one  amplitude 
with  all  ten  readings  taken  around  the  perimeter 
of  the  cross  section.  An  additional  investigation 
determined  the  relationship  of  the  axial  stress  to 
amplitude.  These  basic  calibration  data  were  suit¬ 
able  for  application  to  the  theoretical  evaluation 
of  the  actual  stresses  oil  the  bucket. 

For  the  evaluation  of  the  dynamic  measure¬ 
ments  the  diagram  of  the  stress  distribution 
had  to  be  correct >hI  because  it  increases  the 
superimposed  axial  forces  resulting  from  ‘he 


deflection  of  the  system  us  previously  men¬ 
tioned.  Then  eompensntion  of  compression  and 
tension  lorees  on  either  side  of  the  neutral  axis 
in  plain  Wending  can  he  cheeked.  The  external 
vibrating  force  can  he  determined  from  the  spring 
constant,  the  mass  of  the  system  and  the  fre¬ 
quency  of  the  vibration,  for  unit  (leflection 
provided  the  damping  w  s  small  as  it  was  main¬ 
tained  in  the  test  by  im  a;: :  ;sf  a  special  fastening 
arrangement  at  the  root  of  the  bucket.  The 
distance  from  the  fastening  point  of  the  cantilever 
beam  is  inches.  The  comparison  of  the  external 
and  the  internal  moment  at  the  cross  section 
calculated  from  the  stress  distribution  has  not 
been  completed  as  yet,  hut  preliminary  measure¬ 
ments  indicate  a  deviation  01  about  I  or  2  percent. 

It  may  he  noted  that  the  maximum  stresses 
occur  at  the  edges  and  on  the  convex  side  near 
the  renter  of  the  cross  section.  The  edges 
are  under  nearly  complete  reversals  of  stress 
while  in  the  center  of  the  bucket  zero  to  maximum 
type  dynamic  stress  is  present. 

Finally  the  static  axial  stress  pattern  was 
added  to  the  vibrational  distribution  and  Fig.  It 
shows  the  result  of  the  combined  forces  pro¬ 
portionally  increased  such  thet  the  stress  reached 
the  endurance  limit  at  the  leading  edge.  The 
general  distribution  indicates  a  major  influence 
by  bending.  Consequently  the  more  severe 
fatigue  stresses  prevail  at  the  edges.  Since  the 


Fun  (K  !t.  Distribution  of  combined  stresses  on  th" 
concave  and  convex  sides  of  the  cross  section. 


Fna-nr.  In  Fa'iivi"  strength  of  S  '.1C,  turbine  buckets  at 
1350°  F  and  I5IXIC  F.  Maximum  stress  at  the  leading 
edge. 


leading  edge  shows  the  absobite  maximum  stress, 
failure  is  obtained  at  this  location. 

At  elevated  temperatures  the  stresses  at  the 
critical  cross  section  were  calculated  from  the 
deflection  measurements  at  those  temperatures. 
As  deflection  includes  the  influences  of  uneven 
temperature  distribution  over  the  length,  changes 
in  the  modulus  of  elasticity  at  various  locutions  is 
important.  ( 'oiiscqu- .itly,  these  changes  are  in¬ 
cluded  in  tilt*  ratio  of  the  deflection  at  elevated 
temperature  lo  tha*  at  room  temperature.  This 
approach  to  the  determii  ••  t iofi  of  the  stress  from 
thi>  measured  deflection  under  elevated  tempera¬ 
tures  is  discussed  in  WADC  Technical  Report 
Mlliti  Part  2. 

Fig.  HI  shows  the  fatigue  diagrams  for  hurk- 
ets  made  of  S-S16.  The  fatigue  limit  for  S--810 
was  50,000  psi  for  1500°  F  nominal  temperature 
and  fill.OOO  psi  for  1:150°  F.  This  is  close  to  or  at 
tlie  axial  load  fatigue  limit  for  tests  on  the  samp 
material  and  for  the  same  test  temperature. 
Comparison  with  axial  load  fatigue  data  should 
also  he  valid  for  higher  engine  speeds.  A  com¬ 
parison  with  Haynes  Stellite  21  is  presented  in 
Fig.  11  which  shows  the  superiority  of  the  S-816 
material.  Presently  check  tests  are  being  con¬ 
ducted  lo  see  how  much  change  will  he  obtained 
when  the  temperature  is  raised  to  1700°  F  for 
S-816  and  lo  see  how  this  material  will  behave  for 
short  time  fatigue  tests. 

The  failure  locations  and  appearances  obtained 
from  this  test  apparatus  agreed  well  with  the 
locutions  and  appearances  observed  in  many 
service  failures  us  shown  in  Figs.  12,  13  and  14. 
Although  exact  temperatures  and  stresses  occur¬ 
ring  in  (light  are  not  known,  good  agreement  was 
obtained  between  calculated  and  experimentally 
determined  stresses  and  frequencies  for  the  test 
temperatures  used. 
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Flu <  kk  11.  ( 'tnnpari^nj  of  HtiK'it*  >1  rfiij^t  ki  am)  S-8M1 
and  Haynes  Stellit**  21  turbine  buckets  tt  1350°  K  and 
1500°  K.  Maximum  stress  for  S  SI l>  at  th»»  leading 
edge,  for  Haynes  Stellite  ‘21  at  the  trailing  edge 

\m.icvnoN  of  tkst  itKsri/rs 

FOR  Bl'CKKT  DKSKJ.N 

It  may  he  helpful  to  consider  the  appliciition 
of  this  stress  analysis  to  hueket  design.  I’rnler 
coinhineii  axial  und  bending  loads  the  edges  of 
buckets  will  always  he  the  most  highly  stressed 
locations.  It  depends  on  the  shape  and  on  the 
location  of  the  centroids  in  various  cross  sections 
in  respect  to  the  center  of  the  root  whether  the 


leading  or  the  trailing  edge  w’i'l  have  the  maximum 
dynamic  stress. 

A  fairly  complete  theoretical  stress  analysis 
covering  the  main  forces  acting  on  8  bucket  is 
possible  when  areas,  momenta  of  inertia  at 
various  stations  over  the  length  and  centroids 
are  known  and  when  the  load  and  the  tempera¬ 
ture  distributions  are  established.  The  load 
and  temperature  data  has  to  be  based  on  flight 
conditions  and  presently  an  attack  on  this 
problem  is  being  made. 

From  the  tests  it  appears  that  the  most  highly 
stressed  fibre  in  the  critical  cross  section  of  a 
bucket  under  operational  conditions  fails  at 
about  the  fatigue  limit  for  convention  .1  axial 
loading  tests  conducted  with  the  same  nominal 
temperature.  Knowing  this  fact  the  designer  is 
in  a  position  to  calculate  the  approximate  stresses 
and  to  obtain  an  impression  about  the  behavior 
of  this  engine  pari  under  anticipated  loads. 
Starting  with  the  centrifugal  forces  existing  it 
will  also  he  pesihle  for  the  designer  to  calculate 
the  maximum  possible  safe  amplitude  of  vibration. 
Damping  will  be  provided  partly  by  the  material 
at  temperature  di  <*  to  internal  friction  and  to  a 
larger  extent  by  the  provision  for  friction  in  the 
rool  fastening.  The  amount  of  damping  may 


Kliii  as  |g.  Service  failinvr*  of  liiickcl-.  The  arrow  indicates  I  lie  area  nf  I  lie  fittiitHc  failure.  Material:  I  lay  lie-  Stellite  ‘il . 
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Figure  13.  Failure*  of  a  t«->.  bucket.  Material:  llayiii^ 
Slrllitr  21 . 

also  he  considered  in  design  for  limiting  the  am- 
plitmle.  However,  increasing  the  damping  by  a 
loose  bucket  lit  in  a  nonrolating  wlieel  will  not  he 
sufficient  because  under  centrifugal  forces  the 
buckets  become  tight  again.  To  obtain  the 
intended  bucket  service  life  it  appears  to  be 
necessaty  to  keep  a  tight  lit  in  the  lower  serrations 
of  the  Christmas  tree  root  in  order  to  take  the 


axial  force  and  to  allow  some  clearance  for  those 
serrations  located  close  to  the  airfoil  to  provide 
damping. 

It  also  seems  to  be  essential  to  allow  for  some 
flexibility  in  the  airfoil  of  the  bucket  and  to  avoid 
cross  sections  which  are  too  large.  If  the  airfoil 
is  too  stiff,  the  buckets  will  art  as  rigid  levers  at 
the  wheel  serrations  and  will  originate  failures  in 
the  rim  of  the  wheel.  The  best  design  would  b->  a 
balanced  stress  distribution  such  that  every  part 
of  an  assembly  would  take  an  even  share  of  the 
load  under  all  operating  conditions. 

CONCLUSIONS 

It  has  been  shown  that  bv  special  arrangements 
it  may  be  possible  to  investigate  jet  engine  turbine 
buckets  under  simulated  service  conditions  and  to 
obtain  measurements  which  permit  a  good  concept 
of  the  general  stress  condition  under  which  the 
part  lias  to  operate  in  service.  The  measure¬ 
ments  could  be  checked  by  ealeulat  ms  based  on 
equilibrium  considerations  between  internal  and 
external  forms.  The  two  forces  have  to  he  equal 
and  of  opposite  direction.  This  information  may 
also  support  new  line,  t  design  and  eventually 
the  design  of  compressor  blades. 

The  method  is  applicable  to  the  investigation 
of  overheating  problems  of  buckets  encountered 
in  Might  and  to  the  investigation  of  repeated 
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Kkicrk  1 1.  Tent  failure  of  s  bucket.  Melern,! ;  Hnync*  Stellite  SI. 


thermal  stresses  and  their  influence  in  creating 
local  residual  stresses,  It  may  also  lie  used  to 
investigate  both  the  etfeels  of  damping  on  vibra¬ 
tions  and  the  influenees  of  chanyes  in  root  design. 

A  further  nspeet  in  the  ini)  rovement  of  the 
method  is  the  investigation  of  the  itifhtenee  of 
higher  harmor'  -s  on  the  stress  distrihution. 


However,  this  problem  involves  considerable 
dillirultv  in  transferring  the  necessary  energy 
from  the  driver  umt  to  the  sn  ail  test  specimen 
at  the  frrquenries  involved  and  with  the  ampli¬ 
tudes  necessary  to  obtain  short  time  failures. 
An  at  temp'  to  test  the  second  harmonic  frequency 
may  be  made  in  the  future. 
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Fart  2.  Fatigue  Tests  of  Turbine  Buckets  under  Static  Axial  and  Super 

iiiijtosetl  Vibrational  Bending  IxmkIs 


Vbsth  %«:t  Tkr  fatigue  intesligatian  of  turbine  blades  in  a  special 
derice.  permitting  the  application  of  static  axial  and  superimposed 
li  beat  i  anal  bend  in  ft  loads  by  means  of  an  rlertrxMsagnrt.  is  discussed. 
The  excitation  of  the  ribmtion  of  the  axially  loaded  bucket  mu 
adjusted  to  the  fundamental  frequency  oj  this  system.  The  most 
important  factors  causing  damping  effects  end  energy  losses  during 
nbrolion  are  considered.  Special  attention  is  giten  to  the  measuring 
methods  far  obtaining  stress  and  deflection  t  alues  of  the  ribrating 
bucket  under  dynamic  load.  The  tests  tcerr  conducted  at  room  and 
at  derated  temperatures.  The  results  are  discussed  and  compared 
m  ith  fatigue  tests  under  similar  conditions  using  simpl '  specimens 


and  standard  testing  derices. 


INTRODl  CTION 

In  Ihe  in veal igaiion  of  turlune  bucket*.  (hr 
hrlitViar  of  I  lie  material  motif  olmfvation  a* 
affected  by  Yarialdra  turli  a*  <lia)r.  load  tstaltr 
•nd  dynancir).  the  rmullin:  alreaa  gradient*.  rlr- 
valrd  In  iprnilcrr*,  ami  iluninDg  ililr  lo  faxtrt;- 
IDp  is  of  {ml  importance  IlmWr  of  thin 
variety  of  condition*.  il  »w  tiratrahir  lo  buiM  a 
Mini  device  nailable  for  inxratigating  all  or  al 
InM  thr  moal  important  of  ihrar  forlorn  All 
Mtrh  far  tor*  are  present  during  opminn  of  tbr 
bnrkrll  in  terete*-  Ijalaoratarv  Iraia  ahoold  op- 
proarh  srrvicr  ronditiona  an  rlatriy  an  pmaihh 

IVrniw  Iraia  have  hm  conducted  imtrT  arrx  - 
trr  condition*  bv  OpmCing  ihr  turlunc  a  href*  IU 
Ibr  engine  and  by  tiH-aauimg  aprrd.  *1  rains.  and 
MOOH  al  aoucr  toralmna.  an  aril  a*  Irtiiprealttrvn 
Tbrar  Iraia  bavr  hrvli  very  valoabtr  a*  nl n I cnl Ka i 
material  for  thr  drlrrlion  of  dangerou*  lrrt|Ororvra. 
ibr  kind*  of  vibration,  ibr  prevailing  Irinprralwrra 
al  raitiral  apot*  m  tbr  lurhntr  lorirlt.  and  similar 
obsrrralion*  l|o»r*rr.  il  aa*  ilraral  Ir  lhal  Ibr 
tnxvatigatiaci  of  Ins.-krl  malmr!*  br  uffinralb 
ttrxivde  lo  prnmt  ibr  adjttnti-irnt  of  mrli  variable 
for  rxcev  ilniml  x  alter  a*  sefl  a  *  I  Ik-  m*KM  on- 


to  anothrf  and  lo  ronlinur  Ibr  faligur  traU  lo 
failure  Tier  failure  point  aliould  br  prerioriy 
determined,  including  I  hr  nutnbrr  o*  eyries  re- 
■|Uirml  for  failure  If  ibr  tuirkrla  are  mrloard  in 
Ibr  housing  of  an  engine  norb  obarrvaliona  are 
very  difficult  lo  inakr  ax  I  lie  leal  baa  lo  br  stopped 
al  abort  interval*  in  order  lo  drtrrl  ibr  failurea. 
Such  a  procedure  c*  undratrable  brraunr  of  live 
duronltnuily  in  stressing  and  bra  ling  ibr  blade. 
In  auric  a  leal,  thr  ralraa  brtacen  axial  and 
dynancir  bending  alreaara  abo  rennet  br  varied, 
and  tbr  dynancir  al  reoar*  d*-pmd  on  thr  aprrd  of 
the  a  bred,  a  herb  drtrmciora  tbr  axial  load,  arhilr 
Vibration  peaks  error  only  at  anntr  fear  speeds 
Tbrar  rdrrlioitc  led  to  tbr  drvrlopmmt  of  a 
I mting  device  for  burkrl*  ahirb  permit*  fairly 
aed  thr  application  of  all  ratios  under  no*  dialed 
arrvne  ronditiona.  all  bough  ibr  rcalrdugal  force 
bad  lo  hr  replaced  by  a  aialir  a  vial  load.  At- 
I hough  thin  ncreaai laird  a  murb  bavr  'mjarti y 
■lor  lo  ibr  mm  of  ibr  -  *  .>^>.1  for  applying 

Ibr  axial  load,  il  sea  poa.hlr  la  place  ibr  deacr  d 
ntrraia  in  tbr  range  of  ibr  probable  failure  For 
il>r  extrapolation  of  earn  Iraia  to  ibr  higher 
fnequmry  range  in  «mvt.  ibr  fnrqomry  in- 
flow  on  thr  malarial  a  of  >n>por<anre  II  *> 

l» 


believed  that  I  lie  frequency  i  hsngr  up  to  »rvrr«l 
thousand  eyries  per  seromi  «i!l  not  produce  a 
considerable  v«ns»io>>  tit  regard  •'»  the  fatigue 
slr«»i»jr*li.  although  whim1  authors  -laiui  to  have- 
observed  influences  in  tlii*  direction 

Because  of  lli«*  iupul  power  litiiitattoii  ul 
preseiil  availah'  •  for  vibrating  th**  hurkrt.  only 
the  flllulanirlil.il  frequency  of  thr  axial  loailnl 
hurkrt  has  hern  invrxtgslrd  Mint  of  tlir 
Servian-  failures  larur  ni  tlir  xta-ohd  harmonic. 
This  fart  i<  not  lia>  iiiqairtani  at  prrxmt :  for.  if 
throrrtiral  analysis  rorrr*|»«lii!*  aril  with  Irsl 
•lata  obtained  fan  'he  fundamental  frequency.  ihr 
investigation  rah  la-  rxirltdrti  to  tin-  seromi 
harmonic  frrqiieiir'  In  ftilu:r  tr>l  work,  it  is 
anticipated  that  a  larger  sipul  |io*cr  awnr  ax 1 1I 
rntMr  till-  tabulation  of  test  rranitx  tor  tlir  «nul»l 
harmonic  also  Although  llir  tr*t  method  rln- 
ployexl  is  satisfactory  for  liar  in  liir  r\ aliiation 
of  any  ranlilrvrr  buckets.  |>rrscnl  test  data  air 
limited  to  buckets  for  tlir  Allison  .1  t;  engine 

TFST  MKTIIOIIS 

Thr  dfVKr  used  in  rondurting  hia  kn  vibration 
ialipir  Inn  wax  previously  tlmt-ribed  in  A I 
Techmr.  I  Krfiori  No  Atfi  |*art  I  tirnrtally 
it  corresponds  to  ilir  -etup  for  thr  tesla  rr|mrtrxl 
hrrin  However,  mhlitional  li-xlmc  r\|«mro««- 
showed  t ha'  several  tmallfical  too-  *  err  nrrxlrxl 
lu>th  in  tlir  testing  ilriHT  and  in  liir  li-IKV  jo> 
rctiutr  Figure  I  A*  formerly  dcx.  nhrd  liir 
lurhtnr  * heel  *  a*  »u*prr.t!*x|  m  a  rig*!  (raior 
Th  -  jawx  xrtr  rlampt.l  al  a  -  ma  -oliiai  r|mr 
to  thr  lip  of  the  htlrkrl  and  thr  axial  forrr  a  a* 
applied  thrtwigb  ihr  loading  nhg  a  la  I  I  Imp  sevg+iing 
har  :  h*ur»  J 

In  tin*  general  arr-angrmctai .  wane  xrrx  impor¬ 
tant  praraiilMHta  muat  Hr  I  akin  m  onlr*  In 
thr  maximum  v !  hr  a  I  tonal  amplitude  of  thr  Madr 
When  only  a  *mcll  x  ihratton  amphttalr  i«  ob¬ 
tained  th  SOrh  a  Irrt  thr  tmm  (•  always  troreaUr 
to  I  naan  by  dampar  If  thrrr  loan  arr  anadol 
oa  orarly  as  poanbir.  a  larger  amount  of  «arp 
ta  iSm  avadaMr  for  thr  nnUlmi  of  thr  qminm 
IKr  m i omphahmmt  of  ihi«  latahiumta'  al-jn  • 
lira,  ho'xrxrr  max  hr  obtained  la  a  biuinl 
rxlmt  only  Samr  n-iwaiara  Wiavra  aiM  «tdl 
remain  Thr  tao  moat  import  ant  landiliom  for 
an  optimom  amphtxaftr  arr  thr  npd  mcorlm; 
of  thr  xxiiprf.xaun  fork  anil  tlir  It; til  r-tatnpan;  of 
llr  aKrrl  III  (hr  Irak  \a-ol hrr  pmnt  n  liir 

< Ian. pans  of  ihr  t  hnalinax  lor  naol  od  thr  ta>  L*  t. 


wliirh  should  hr  as  tight  as  poarihlr  in  tlir  wheel. 
This  romlition  was  ob'ained  hv  naming  sprrially 
h::ilt  root  parts  of  Idaile-a  in  tlir  alota  urijrlihornnu 
thr  trat  liurkri  Tlir  outside  edges  of  thrar 
neighboring  root  parts  close  to  thr  buckets  tratrxl 
were  ouill  up  with  a  wehlftl  (trail  and  'iiaehllifd 
to  an  angle  of  :t*»3  to  thr  radial  rrntrHiiir  of  thr 
Imi-krl  m-roKix  tlir  width  of  thr  root.  Thr  edges 
above  tlir  root  arrratioii  rloarat  to  thr  bucket 
wi-n-  iiiiii-liinnl  to  an  angle  of  tit)’  (Figure 
Tim-,  tlir  test  Imi-ki-t  wax  form  I  radially  outward 
ami  In-Id  ti-ht!>  ilurins  trat 

It  wax  iilmrrvrtl  during  |>rr!iniinary  trats  that 
tlir  drllrriHMi  of  tlir  tip  ,d  thr  liurkri  drrrraanl 
wlirii  looar  lita  arrr  uanl  al  tlir  root  aim  most  of 
tlir  input  i-iM-rjfy  was  foxl  throuirh  friction  Tlir 
•amimiitHis  at  tlir  lln-rsd*  in  thr  loadiit?  rinj; 
ami  at  tl.r  lower  end  of  tlir  artphins  bar.  which 
wrrr  liphlrnnl  hv  tlir  axial  f<M<-r.  wrrr  much  Iras 
critical 

•apnial  t  ire  was  pirn  10  thr  asannhlv  of  thr 
load ■  nj:  dr vi  . .  as  thr  aalin;  for  thr  knife  edge 
xitaprnamn  may  hr  thr  origin  of  iIuiuHmikm. 
Ttirar  xealitiff*  wrrr  built  aa  potvw  in  morititml 
•  ylilalrra  haVilip  •  wnlr  anplr  of  l:StJ  aa  shown  in 
Figure  -17  of  Part  I  of  l ln>  irporl  Thr  sealings 
wrrr  marrlni  in  thr  iiibiii  jaw  iioldrr  in  I'orrrapoml- 
iu;  holm  ami  IimI  a  lowr  til  t'mjouhl rally  this 

lur'.lml  will  also  pvr  loan  whm  thr  burkri*  arr 
\  ihratr.l  prTprtnltrular  to  tlir  a  is  However, 
tor  I  hr  prrarnl  *rst«  ihr  atnpiilurlr  a  as  xufltrtml 
t  arr  was  i  terras  ary  m  aligning  ihr  aralmgs  with 
thr  axis  of  ihr  ilrvirr  as  they  son ir limes  turned 
>n  iIm-  itMiral  hulra.  prr venting  thr  drssrtal  move- 
men  I  due  to  ihr  trausvrrar  nhratioa  forrr* 
i  or  easy  mounting  at  thr  jam  and  lltrir  Holder, 
it  >*  advantageous  to  <tni  two  hole*  da*  lo 
the  hurkrt  lip  and  Marti  j  dowel  in  eorh  THeae 
dowels  supported  th-  Jaws  until  they  rruld  grip 
ihr  tipmxl  hurkrt  Thr  axial  Irtish  fore*  then 
rwusrd  the  jaws,  having  ootSaJe  wedge  the  fare*, 
to  grip  thr  bucket  nw  tutktly  The  ;am  bod 
been  nt] napped  for  good  gr.pfMOg  adasil  with 
asal.  inserted  rx*  I  angular  jorrrs  taken  from  a 
fair  and  ground  al  I  hr  marrt.d  aorfacew  The 
gripping  panres  ha<l  lo  fit  Ihr  curve  lure  vary 
si  matrix  in  order  to  deHnbrttr  the  axial  forveai 
rvroly  art  oar  the  uxdtk  «f  the  hurkrt 

As  formerly  explained,  thr  vibrating  tonne  was 
Mtiralwid  a*  the  oaiprrruim  nng-  using  s  a  dtrtir- 
magort  The  rlerlrwal  data  of  this  magnet  max 
hr  ilrtrtwiwxl  for  j  gives;  steady  ftopran  with  a 
maximum  r&nrtwr  llow  rttf . 
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Kilii  Rt  2.  Bucket  gripping. 

different  frequencies  far  separated  from  each 
other,  (for  example,  at  fundamental  and  second 
harmonic),  caused  the  output  power  to  he  low  for 
the  frequency  for  which  it  was  not  designed.  The 
reason  for  this  behavior  was  that  the  output  trans¬ 
former  of  the  amplifier  could  not  he  matched  with 
(he  magnet.  However,  it  was  possible  to  adjust 
it  to  the  fundamental  frequency  at  around  150 
cps.  In  this  case,  en  optimum  of  output  energy 
could  be  obtained  During  testing,  an  oscilloscope 
was  connecter!  to  the  leads  of  the  exciting  magnet, 
which  indicated  the  proper  function  of  the  device. 
The  wavi  on  the  screen  showed  the  slipping  of  the 


knife  edges  in  their  seatings  at  the  points  of  re¬ 
versed  motion  as  deviation  from  the  proper  curves 
at  the  peaks  and  valleys.  They  may  bo  avoided 
in  future  tests  by  using  crossed  flexure  plates  in 
addition  to  the  knife  edges  for  maintaining  an 
exact  moving  center  without  any  shift. 

For  tests  at  higher  frequencies,  it  will  be  de¬ 
sirable  to  decrease  the  weight  or  mass  of  the  parts 
needed  for  applying  the  axial  load.  Particularly, 
the  loading  ring  may  be  lightened  by  holes,  which 
will  probably  give  a  larger  deflection  of  the  bucket 
tip  under  vibrating  load. 

AXIAL  LOAD  MEASUREMENTS 

For  setting  the  desired  ratio  between  the  static 
axial  and  the  dynamic  stress,  it  was  necessary  to 
measure  both.  The  weighing  bar  acted  as  a  dy¬ 
namometer  for  axial  load.  Strain  gages  of  the 
wire  resistance  type  were  glued  to  this  specimen 
and  connected  so  as  to  compensate  for  bending. 
The  readings  were  taken  with  a  strain  gage  in¬ 
dicator  which  irdicu'ed  a  load  drop  at  the  start  of  a 
fatigue  failure.  Xo  automatic,  load-maintaining 
device  for  axial  loads  has  been  available  for  such 
small  elongations.  During  the  tests,  the  load 
could  be  kept  constant  without  difficulty,  a3  the 
fatigue  test  shows  microscopic  elongation  only  in 
the  lust  stage  when  specimens  are  very  close  to 
failure.  The  load  was  reset  from  time  to  time  by 
hand,  as  required,  bv  noting  any  load  drop  shown 
on  the  strain  gage  instrument;  however,  this  did 
no*  affect  the  test  results,  as  the  test  time  was 
measured  to  the  beginning  of  the  specimen  failure. 

At  elevated  temperatures  this  procedure  is  not 
entirely  satisfactory  as  it  requires  a  very  close 
observation  of  the  instrument  during  tests. 
This  was  experienced  especially  in  the  beginning 
of  a  test  due  to  the  expansion  by  heating  slowly 
all  parts  of  the  device.  An  extended  preheating 
period  was  needed  to  heat  all  parts  near  the  test 
bucket  *o  stable  temperatures.  The  elongation 
of  these  parts  then  caused  a  decrease  in  the  static 
axial  load.  The  load  was  reset  by  bend  during 
elevated  temperature  tests  as  described  for  the 
room  temperature  tests,  hut  in  this  case  the  reset¬ 
ting  period  was  included  in  the  test  lime.  In 
future  tests  a  loading  gear  motor  may  be  used  for 
autoinatir  control.  It  will  be  connec.xl  to  an 
elongation  indicating  and  controli,  ig  device  not 
yet  designed  and  developed  because  of  the  ex¬ 
tremely  smell  elongation  values  which  need  special 
consideration  to  give  satisfactory  results. 
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DYNAMIC  STRKSS  MEASUREMENTS 

Tlio  serond  very  important  measurement  was 
the  determination  of  the  bucket  strains  and  stresses 
under  the  dynamic  deflection.  There  are  differ¬ 
ent  possibilities  for  obtaining  these  data  as  pre¬ 
viously  mentioned  in  Part  1  oi  this  report.  For 
the  final  test  a  deflect io-  measuring  method  was 
chosen  which  had  to  i.r  calibrated  in  stresses. 
The  deflection  measurement  was  conducted  by 
the  method  described  in  the  previous  report  with 
strobotac  scale,  tr’escope  and  mirror,  the  latter 
being  the  only  part  necessary  on  the  bucket.  It 
could  be  kept  sufficiently  small  in  size  and  mass 
so  that  it  did  not  disturb  any  frequencies  of  the 
vibrating  parts. 

In  a  special  calibration  test  described  in  detail 
later  in  this  report  the  relation  between  mirror 
amplitude  and  strain  at  different  points  of  the 
bucket  had  to  be  investigated.  For  the  measure¬ 
ments  of  the  strains,  wire  strain  gages  were  applied 
to  the  bucket  at  one  cross  section  The  difficulty 
of  this  method  is  the  measurement  of  the  amplifi¬ 
cation  of  the  strain  values  and  the  recording  of 
the  vibration  strain  curve  at  l.'tO  cps  and  eventu¬ 
ally  at  higher  frequencies  due  to  the  presence  of 
superimposed  stray  frequencies  caused  by  the 
operation  of  the  testing  de.iee. 

VI BR  \TION  EXCITATION 

In  general,  the  procedure  for  generation  of  the 
\ibri  'inns  was  described  in  the  former  report.  A 
very  critical  point  is  the  setting  of  the  magnetic 
gap  between  the  electromagnet  and  the  bucket, 
as  the  efficiency  decreases  with  the  square  of  the 
distance.  Unfortunately,  the  movement  of  the 
bucket  is  not  plain  bending,  due  to  the  screw 
type  neutral  axis.  Plain  bending  would  give  a 
parallel  displacement.  In  the  case  of  the  bucket, 
a  torsional  motion  is  superimposed  over  the  bend¬ 
ing,  changing  the  gap  in  an  inefficient  way.  Addi- 
•ionally,  the  constant  field  of  the  magnet  system 
imposed  a  constant  tensile  fnree  on  the  armature. 
Consequently,  the  gap  t.  .  :o  lie  kept  approxi¬ 
mately  K*  inch  wide  to  avoid  contact  which  re¬ 
sulted  in  sticking  because  the  vibrating  system, 
c.en  though  axially  loaded,  was  relatively  weak 
in  the  peipemlicular  direction. 

The  magne:  system  was  excited  le  a 
frequency  oscillator  whose  output  wus  fed  into  ...i 
amplifier  of  1.400  watts  output.  The  output  wave 
at  the  terminals  of  the  magnet  was  a  sine  wave 
up  to  very  high  frequencies  The  distortion,  if 


present  at  all,  was  not  visible  on  the  screen  of 
the  oscilloscope. 

The  amplifier  kept  the  vibration  amplitude  con¬ 
stant  as  long  as  no  change  in  the  spring  constan 
of  the  vibrating  system  occurred.  A  small  fail¬ 
ure,  even  when  not  visible  at  tin;  bucket  or  at 
the  (breaded  ends  of  'he  weighing  bar,  displaced 
the  natural  frequency  and  thus  decreased  the 
amplitude.  From  this  time  on,  an  almost  con¬ 
tinuous  control  of  the  frequency  by  hand  was 
necessary.  For  the  final  rupture,  an  increase  in 
the  ..itroduced  energy  was  required  to  mainlaii 
the  original  amplitude.  Fatigue  faiiure  in  tin* 
threaded  ends  of  the  weighing  bar  occurred  only 
twice  throughout  the  many  tests  completed. 

STRKSS  PROBLEMS 

The  predominant  aim  of  conducting  tests  on 
buckets  by  applying  axial  loads  and  superimposed 
bending  forces  is  to  indicate  the  limit  to  which 
the  material  may  he  loaded  as  a  bucket.  Un¬ 
fortunately,  it  cannot  V  assumed  that  the  distri¬ 
bution  of  stresses  in  such  a  complex  part  as  u 
bucket  is  uniform  over  the  cross  section  area. 
The  bucket  Inis  a  tapere  l.  shell  type  shape  with 
a  screw  type  neutral  axis;  and,  the  theoretical 
determination  of  the  stress  distribution  over  the 
width  it!  any  cross  section  is  doubtful  without  an 
exact  knowledge  of  the  location  of  the  axial  static 
and  the  dynamic  bending  loads  introduced.  The 
latter  is  an  undetermined  load.  «s  the  vibrating 
system  consists  of  the  bucket,  the  ring,  and  the 
juw»  for  the  application  of  the  axial  forces  and 
the  weighing  bar.  It  is  not  known  precisely 
which  part  of  the  weight  or  mass  of  these  parts  is 
acting  on  the  bucket  and  which  is  acting  on  the 
weighing  bar. 

Because  of  its  screw  type  shape  under  the  axial 
and  bending  forces,  the  bucket  reacts  not  only  in 
the  related  directions,  hut  also  in  a  torsional 
moment  around  the  longitudinal  axis.  For  this 
reason,  it  was  decided  to  experimentally  measure 
the  desired  static  and  dynamic  stresses  on  the 
Imckr  in  order  to  obtain  a  true  picture  of  the 
stresses  imposed.  A  knowledge  of  the  true  stress 
distribution  permits  a  more  accurate  means  for 
the  determination  of  the  stresses  at  the  fatigue 
limit. 

TEST  DEVELOPMENT 

The  measurement  of  the  strains  on  parts  as 
small  as  buckets  included  some  difficulties  because 


of  the  luck  of  accurate  measuring  devices  How¬ 
ever.  it  could  lie  accomplished  at  room  tempera¬ 
ture.  For  use  nt  elevated  temperatures,  only  a 
few  strain  gages  are  nvailoMe.  lone  of  wliieli  art* 
really  aeeurate. 

For  the  dynamic  ics.s.  wire  strain  gages  were 
used  because  of  the  convenient  recording  possi¬ 
bilities.  The  g.  go  has  a  length  of  inch  ami  a 
width  of  't  inch  with  a  resistance  of  120  ohms, 
from  which  sufficient  accuracy  could  be  expected. 
!".  applying  the  gage  at  a  section  having  very 
large  strain  gradients,  gage  size  is  important. 

The  investigation  started  basically  from  meas¬ 
urements  using  the  win  strain  gage  in  statu 
bending  with  a  definite  external  loading  moment. 
By  measuring  the  strain  at  the  center  of  each 
strain  gage  and  plotting  the  related  stresses  at 
their  proper  locations  on  the  cross  section  of  the 
bucket  and  then  by  calculating  the  internal 
moment,  an  excellent  comparison  for  accuracy  is 
possible  between  the  external  and  the  internal 
moment  which  are  necessarily  equal. 

Proceeding  from  this  basic  comparison,  the 
buckets  could  be  loaded  in  axial  tension  and  the 
stresses  determined.  The  mean  stress  (overall 
average;  could  he  computed  rnd  multiplier!  by  the 
cross  sectional  area  at  the  location  of  the  wire 
strain  gages  to  obtain  the  load  which  had  to  he 
equal  to  the  introduced  external  axial  load.  The 
external  axial  load  was  measured  as  strain  on  the 
weighing  bar. 

An  essential  part  of  tiic  procedure  doscrilied  is 
a  knowledge  of  the  moduli  of  elasticity  for  both 
tension  and  compression  of  the  material  investi¬ 
gated,  Haynes  Stellite  21  (YitnUiunn.  The  axial 
and  the  bending  stresses  can  then  be  calculated 
from  the  strains.  As  no  data  for  the  compression 
modulus  were  available  in  the  literature,  tests  at 
room  temperature  were  conducted. 

After  the  completion  of  the  static  tests,  a  meth¬ 
od  was  developed  for  measuring  the  dynamic 
strains  at  frequencies  up  to  l.V>  cps.  The  dy¬ 
namic  measurements  were  made  to  evaluate  the 
stresses  actually  induced  in  it  vibrating  bucket 
file  dx  unii'iie  r.‘ rains  had  to  tie  recorded  at  the 
same  instant  as  the  bucket  deflection  measure¬ 
ments  in  order  to  correlate  the  deflections  and  the 
strains. 

The  calibration  of  the  test  set  u,  .iceom- 
plishcd  with  a  steel  cantilever  beam  of  uniform 
cross  section  urea  on  which  the  dynamic  strains 
were  measured  simultaneously  by  the  wire  strain 
>2age  and  l»\  an  optical  method.  The  stress  at  the 
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location  of  the  strain  gage  coul.l  be  calculated 
using  the  latter  method. 

I’sing  the  sutne  set  up  for  the  vibrating  bucket 
under  axial  load,  the  bending  stresses  could  bo 
recorded  by  starting  the  test  after  the  application 
of  the  axial  load.  The  measured  stresses  were 
plotted  at  the  corresponding  locations  superim¬ 
posing  axial  and  bending  stresses.  The  result  was 
used  for  determination  of  the  stress  at  the  fatigue 
limit  of  the  specimen,  correlating  the  deflection  to 
the  stress,  since  during  fatigue  tests  onlv  deflec¬ 
tions  were  measured. 

MODULI  MEASUREMENTS 

■since  no  compression  data  for  modulus  of 
elasticity  of  Haynes  Stellite  21  (Yit allium ;  were 
available  and  since  for  the  evaluation  of  the  strain 
measurements  the  moduli  for  compression  and 
tension  were  necessary  this  value  was  measured 
at  room  temperature.  The  moduli  of  elasticity 
are  not  necessarily  equal  for  tension  and  compres¬ 
sion  for  all  in  terials  and  some  precaution  seemed 
to  be  desirable  for  cast  materials,  the  properties  of 
which  arc  not  thoroughly  known. 
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Kim  rk  4.  Device  f*»r  the  measurement  l ho  elasticity 
imxlulm  in  compression. 


Some  cylindrical  specimens  with  uniform  cross 
section  were  inneiiineil  from  the  center  |mrt  of  a 
tnieket,  starting  at  the  root  section  The  speci¬ 
mens  Innl  a  diameter  of  0.1 2*i  inches  and  a  length 
of  2  inches.  The  axial  orientation  of  the  specimen 
was  parallel  to  the  axis  of  the  bucket 

These  specimens  wr  ■  inserted  in  a  brass  cyl- 
inder  (Figure  1)  which  had  two  openings  in  the 
cylinder  wall  opposite  each  other  to  allow  the 
fastening  of  two  extenson,  lets  on  the  spe  imen. 
The  brass  cylinder  enclosed  the  specimen  verv 
closely  to  avoid  buckling  under  axial  compression 
load. 

Tests  were  conducted  in  the  standard  manner 
for  determination  of  the  moduli  of  elasticity  and 
the  readmes,  the  evaluation  and  the  results  in¬ 
cluding!  the  overall  average  value  are  given  in 
Table  !.  The  diagram  presenting  these  results  is 
shown  in  Figure  e  The  measurements  follow  a 
straight  line  showing  linearity  for  the  modulus  of 
elasticity  for  compression  up  to  2  .'>.()( til  psi.  The 
value  obtained  was  /•.'  Compression  2(1 .4  ■  Hr 
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psi,  which  is  approximately  the  same  as  the  modu¬ 
lus  for  tension. 
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III  CKI  I  CROSS  SKCTIOYM.  \RKV 
MKASl' KKMK  ,TS 

I’sually  under  axial  loud  and  superimposed 
vibrating  bending,  the  failure  occurred  at  2.  $7 
inches  from  tin  bucket  t ip.  The  cross  section  at 
this  point  was  used  for  the  measurement  of  the 
stresses,  for,  they  are  probably  highest  at  this 
position  according  to  the  calculations  in  Part  I  of 
this  report.  The  stress  distribution  which  was 
calculated  is  substantiated  by  the  location  of  both 
laboratory  and  service  fatigue  failures  of  buckets. 
The  cross  section  area  of  a  bucket  was  determined 
by  making  a  paralline  mold  of  the  blade  and 
slicing  the  desired  cross  section  (2.27  inches  from 
the  tip).  Then,  the  ordinates  at  various  stations 
along  the  eross  section  area  were  meusured  by 
means  of  a  shop  microscope.  A  straight  line 
connecting  the  trailing  and  lending  edges  was 
selected  as  the  x-axis  with  the  v-nxis  perpendic¬ 
ular  and  touching  the  outside  or  the  area  measured, 
as  show  n  in  Figure 

Alter  plotting  the  measured  values  to  a  n:  I 
scale,  the  enclosed  area  was  measured  with  a 
plnnimeter.  The  measurements  are  given  in 
T»I  ell,  from  which  the  area  of  0.27  s<|.  inches 
was  determined. 

xcciiun  ok  rkmiim;  strkss 

MK  \Sl  HK.MKNTS 

A  bucket  was  insert e< I  will,  its  ('bird  mas  tree 
nan  into  a  block  cut  from  a  turbine  wheel  The 
hliiek  was  fastened  to  a  heavy  east  iron  stand  and 
a  pair  of  jaw-  lilting  the  bucket  slm|>o  were 
lightered  around  the  blade  in  the  vicinity  of  the 
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Flume  ti.  Determination  of  tht-  art-a  at  the  measure.!  cross  section  of  the  bucket. 
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Table  II. —  Measurement  of  the  ordinates  of  n  cross  section 
area  located  2.J?  inches  from  the  backet  tip 


Thickness 


Bucket 

chor.i 

U  "ailing 

Corrected  to  zero 
i«.-  •  line 

I 

m 

V: 

fJl 

7: 

7 

o.  aooo 

i.  2000 

o.  oooo 

IV  oooo 

0.  2500 

t.  3380 

1  4370 

(!.  1380 

It.  2370 

o  ixmo 

0  5000 

!.  1530 

1.  59.50 

0.  2550 

0  39.50 

0.  1100 

f>.  7500 

1.  5-45 

;.  7150 

0.  3245 

0.  5150 

0  1905 

1  0000 

I.  5349 

1  7710 

0.  3349 

o  3710 

n  236t 

1  2500 

1.  5129 

1.  7626 

0.  3129 

0.  5026 

0.  2499 

1  5000 

i.  443-“* 

1.  7003 

0.  2435 

0  5003 

0  256S 

t.  7.500 

1  3247 

1.  5541 

0  1247 

0  3511 

0  2294 

I.  9863 

1.  2000 

0  OOOO 

0  oooo 

All  values  in  inches 

7-  U:  -  ;i: 

Cross  section  area  -  0.37  in.-' 


tip  permitting  the  application  of  a  bending 
moment.  The  latter  was  obtained  by  a  lever 
system  parallel  to  the  bucket  suspended  at  the 
tip  and  suspended  at  the  short  end  underneath 
•lie  fastenin’;  block  (Figure  7).  The  outside  end 
of  the  lever  beam  was  loaded  by  dead  weights  thus 
applying  to  the  bucket  an  external  moment 
determined  by  the  lever  ratio  and  the  weight. 
The  internal  moment  was  measured  with  wire 
strain  gages  on  the  concave  and  the  convex  side 
of  the  blade. 

The  test  readings  are  given  in  Table  111.  The 
strains  read  between  the  unloaded  and  the  loaded 
condition  were  converted  into  stresses  using  the 
elasticity  modulus  of  /','-:{6.4X  10*  psi  for  the 
material.  Figure  S  shows  in  a  5:1  scale  the 
measurer!  cross  sectional  area  of  the  bucket  for 
which  the  strain  measurements  were  taken.  The 
above  mentioned  stresses  were  plotted  at  the 
corresponding  sut face  locations  around  the  section. 
The  stresses,  though  acting  in  a  direction  perpen¬ 
dicular  to  the  cross  sec‘;on  plane,  were  plotted  in 
that  plane,  perpendicular  to  a  line  connecting  the 
two  edges,  and  with  the  edge  of  the  cross  sectional 
area  as  the  zero  point. 

To  obtain  the  internal  moment  the  cross  sec¬ 
tional  area  was  divided  into  a  number  of  smaller 
areas  each  one  0.1  inch  wide.  Each  small  area 
and  its  center  of  gravity  was  determined.  Each 
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in-lbe  bending  moment 


Locations 

No. 

Loaded 

x  to-* 

Specimen  bucket 

I'nloaded 
v  10-* 

Loaded 
v  10-* 

Differences 
at  cvclc  end 

A  10-’ 

Total 

difference 

Y  10  4 

,  Stress,  psi 

1 

1  ' 

372 

1,298 

i 

420 

-48 

-878 

-32,000 

2 

1,330 

1.  468 

1.  330 

0 

-138 

'  -  5,000 

3 

1  732 

981 

736 

-  4 

-245 

(-  8,900) 

4 

466 

700 

472 

4-  6 

-288 

-  8,  300 

5 

1  058 

1,587 

1,076 

+  18 

-511 

!  -18,600 

6 

996 

1.  258 

1,002 

+  6 

-256 

-  9,350 

7 

958 

703 

953 

0 

+  255 

+  9.300 

8 

1.052 

468 

!.  062 

-10 

+  594 

+  21,500 

9 

932 

588 

944 

+  12 

+  256 

+  9,350 

10 

1.  168 

1,  670 

1.  IS! 

+  13 

-489 

- 17,  800 

Modulus  of  Elasticity  for  Vitallium  — -  36.4  x  10°  psi 
Gage  locations. 


increment  area  time?  :hc  average  stress  lift inp 
on  that  area  gives  the  total  force  acting  on  each 
area.  The  forces  acting  on  one  side  of  a  iine 
approximately  parallel  to  the  line  connecting  the 
edges  of  the  bucket  represent  tensile  stresses, 
while  those  on  the  opposite  of  this  line  represent 
compressive  s'  esses.  The  resultant  of  all  of 
these  calculated  forces  is  a  force  acting  at  the 
center  of  gravity  of  the  cross  section  of  the  bucket. 
Bv  using  a  graphical  method  of  plotting  the  force 
acting  on  each  area  and  drawing  the  funicular 
diagram  related  to  the  locations  of  the  centers  of 
gravity  of  the  small  areas  the  position  of  tlm 
resultant  force  could  he  obtained.  By  exercising 
the  same  procedure  in  the  perpendicular  direction 
the  intersection  of  the  two  resultant  forces  indi¬ 
cated  the  accurate  center  of  gravity  for  all  forces 
covering  the  whole  cross  sectional  area.  This 
method,  which  is  well  known  from  basic  mechanics, 
although  not  very  often  used,  permitted  a  very 
accurate  determination  of  the  needed  rotation 
centers  and  of  the  forces  representing  the  internal 
moment.  The  graphical  evaluation  of  the  meas¬ 
urements  as  described  above  is  shown  in  Figure  8. 
The  external  moment  was  calculated  by  consider¬ 
ing  the  lever  distances  and  the  (lead  weight  on  the 
end  of  the  lever  arm.  The  weight  was  55.25  lbs. 
and  as  shown  in  Figure  ti: 

\1  0=  -.->1.1.  —  of)  2o X 25. 1 

The  load  introduced  into  the  bucket  is  then. 

A  — 2/2  lbs. 

The  moment  at  the  considered  cross  sectional 
area,  located  2.12  inches  from  the  point  of  the 
load  introduction  was: 

A/,=2. 12X272  =  380  in.  lbs. 

With  the  moment  known,  the  stress  in  the  outer¬ 
most  fibres  of  the  bueket  eross  seetional  area 
could  he  calculated.  If  the  measurements  are 
accurate  the  calculated  values  will  be  located  at 
the  stress  curve  obtained  from  the  measurements. 
The  stress  curve  intersects  the  convex  bucket 
edge  at  two  points  and  the  connecting  line  of  these 
points  represents  the  neutral  plane  going  through 
the  center  of  gravity  of  the  area.  The  distances 
at  the  three  outermost  fibres  from  the  neutral 
plane  arc: 

C'„ =0.340  inches 
C'=  0.340  inches 
r.= 0.252  inches 

If  the  moment  of  inertia  is  determined  the  corre- 
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spending  moments  of  resistance  become: 
/  0.51 /ltC  2 


lF'=-= 

“  r  (,.340 


=  1.50/10-=  W 


The  moment  of  inertia  was  obtained  for  ; lie  un- 
sMimietrieal  area  of  the  bucket  as  0.51  X10=  in  1 
by  the  graphical  method  of  Mohr.  The  resulting 
st  rosses  arc : 

a'-  =ir = i  .5ii?i  (» - ==:5S/,°1 1  psi 

<':==1.50?i0-=:iS’5""Psi 


580 

i  .50/1(1 


=28,500  psi 


The  curve  in  Figure  7  shows  that  the  measured 
stress  in  the  center  of  the  convex  side  deviates 
considerably  from  the  given  calculated  stress 
4,,=-- 2s .500  psi.  This  fact  is  probably  due  to  the 
size  of  the  w  ire  strain  gages  which  are  too  wide  for 
the  large  sires,  gradients  present  at  the  center 
locations.  The  evaluation  of  the  stress  distribu¬ 
tion  was  conducted  as  outlined  above  and  the 
centers  of  gravity  were  determined  for  each  part — 
tension  and  compression  side — separately.  Table 
IV  shows  the  average  stress  for  each  small  area 
and  its  represented  force  The  centers  where 
those  forces  act  arc  obtained  graphically.  In 
Figure  8  the  distance  of  those  centers  for  tne  tensile 
as  well  as  for  the  compressive  forces  from  each 
other  is 

0.314  inches 

This  distance  being  determined  the  internal 
moment  becomes 

A/=0.314  :'SH0tL-S1,{=0.314X  1,851  =581  lbs. 

compared  to  the  external  moment  of  580  in.  lbs. 
The  deviation  is 

+5SV1W,t=+,U7% 

Considering  the  partial  moments  for  each  side  it 
is  obvious  that  they  differ.  To  a  certain  extent 
biaxial  stress  conditions,  especially  in  the  center 
of  the  area  far  away  from  the  free  edges  arc  re¬ 
sponsible  for  this  error.  This  possibility  is  indi¬ 
cated  by  the  values  of  the  tensile  and  compressive 
moments  (1,880  and  1,813  in.  lbs. )  which  should 
he  equal. 


Tahi.E  IV.  ('alcuUttion  •>/  fht  inUnutt  iurn  *  for  ttn  ijra/ffiiral  ih  h  roiinntion  of  I hr  rmU  rs  of  ijrniilo  of  it  bucket  uiiter  ii 

be  rut  in  {i  loud 


Thkkner-* 

Size  1  of 

Average  ■’ 

Force  on 

Slimll  area 

Wi-lth  «• 

tin*  miiuII  areas.  1 

•  Iress  ill  the 

small  area 

No. 

5,  inches  6>  indie* 

indies 

in  J  i 

small  area, 
psi 

lbs 

( 1>  Concave  of  llu*  bucket  fccmpri’*sit*ii) 


1 

0.  1*17 

0.  375 

0.  00752 

20.  800 

171 

•> 

o.  :t:.'i 

0  472 

0.  0084  7 

25.  100 

213 

it 

0.  472 

0.  noil 

0.  01022 

20,  000 

205 

A 

0.  550 

0.  050 

0  01200 

13.  700 

104 

0.  050 

a.  :{*.>■> 

0  01045 

8.  500 

SO 

l\ 

o.  305 

0.  ill. 

0  001.1 1 

li.  300 

30 

0.  210 

0.  0*is 

0  00214 

2.  500 

s 

•1 

10 

1 1 

i 

0.  5000 

.  1 

12 

1 

i:t 

i)  07s 

0  1 7s 

0.  00250 

!H)0 

2 

11 

II  17s 

o.  :tl.-> 

0.  00402 

1.  SOI) 

0 

If) 

0  315 

o  102 

0.  00x07 

3.  000 

24 

10 

0.  102 

i*  710 

0.  01202 

4,  200 

51 

17 

o.  710 

1  0  15 

0.  01055 

0,  100 

101 

IS 

0.  015 

1.  100 

0.  02045 

s.  400 

171 

10 

1  100 

0.  005 

II  02.M15 

15.  600 

312 

20 

0.  005 

0.  27a 

0.  01  I  SO 

2S,  000 

330 

£F  1 ,880 


'2  Convex 

-hie  nf  till'  bucket 

(tension! 

1 

0.  000 

a  315 

0.  00315 

2.  300 

/ 

0 

0  315 

o.  570 

0.  (HISS’) 

1.  100 

30 

it 

0.  570 

0.  SKI 

0.  012x0 

7.  300 

100 

1 

II.  sill 

0.  !»s5 

0  01705 

S,  700 

150 

5 

0.  ps5 

1  120 

0,  02105 

0. 000  , 

200 

0 

1  120 

1  ISO 

0  023(H) 

10.  .CM) 

240 

7 

1  ISO 

1.  I  SO 

0  5000 

0.  02300 

10.  0(H) 

250 

X, 

1  ISO 

1  100 

0.  02340 

10.  500 

245 

0 

1  100 

l  USD 

0  02310 

0,  4(H) 

220 

in 

1  (ISO 

0.  045 

0.  02025 

S,  000 

102 

1 1 

0.  045 

11  715 

0.  01  ooo 

0.  300 

100 

12 

0  745 

0  530 

II.  0 1275 

4.  700 

00 

13 

0.  530 

0.  235 

(■  00705 

2.  5(H) 

111 

IK- 1,813 


1  Small  arm  ir;  _l  \y~  -  cohMilerim;  tin  -vale  a: I  in  each  *lir«*ri i*m. 

•  ( iraphieally  ilrtrrminnl  aetimi  in  llu*  wnler  of  gravity  in  each  >niall  an  a. 


The  fit  of  the  root  near  llu*  center  whs  better 
t him  town rd  tin*  out siili*  **<lj;i*s.  Practically  it 
will  not  lx-  possible  to  awml  such  conditions  for 
tin*  tool  nst'«l  in  nmcliinin^  l*ic  serrations  nlwnts 
1ms  a  tendency  to  produce  a  "renter  tolerance  on 
the  edfres  tlian  in  llu*  center.  A  stress  ei 


invest  ,'ntion  for  the  Imeket  under  a  static  load 
showed  a  slight  concentration  of  the  principal 
stress  lines  toward  the  center  of  the  Imeket  root 
which  also  indicates  that  !.ia\ial  stress  conditioi  i 
are  iTsponsilile  to  some  extent  for  the  deviation 
icoiiutcrcd. 


uas  ii s  o 


Kim  rk  V  St m**  'li-irilmtion  «»\ «*r  tin*  mi"  »minn  ,»r»*a 
of  th**  l»urkt*l  for  i\  givrn  I ***to lit,*;  t**ui**r> 

«f  gravity  fur  :»•:.!  for  and  roiii|n»*«-ioii 

f«>rr«*v 

\\l\l.  STHKSS  MEASUREMENTS 

Tin*  same  bucket  used  for  llcxitre  calibration, 
with  t Im*  wire  strain  gages  in  place.  was  also  used 
for  measuring  'lit*  stress  distribution  under  tlir 
nxial  static  load  It  was  placed  in  thr  bucket 
testin'.'  device  am!  axially  loaded  through  the 
weighing  l»ar.  tin*  strain  of  w  iirh  was  measured 
l»y  means  of  wire  strain  gages  ttnl  an  SK  -4  strain 
indicator.  Tlie  latter  measurements  showed  the 
external  loud  of  the  bucket  specimen  This  eouhl 
lie  computed  to  the  internal  reaetion  by  the  same 
procedure  n>  was  used  for  the  bending  test  The 
measured  strains  coordinated  to  thr  lia.-iltot.s 
aroiMnl  the  eross  velinn  arra  are  sliowi  Tsl4e 
\  The  corresponding  stresses  wrrr  •  «>  t  by 

using  the  modulus  of  elasticity  for  xitah  .1  «»f 
A.'  Mi  4  ■  lie  |*»t  These  stresses  are  plo'tnl  in 
Figure  !»  wliali  t»  r.n  wamtr*  \irw  of  thr  rrosa 


section  area  and  with  stresses  shown  above  the 
urea.  The  evaluation  in  Table  VI  gave  only  a 
very  small  deviation  of  the  center  of  gravity  for 
the  tensile  resultant  from  the  actual  center  of 
gravity  for  the  area  (0.024  inches).  The  force 
obtained  v.as  2,45:}  lbs.  and  the  average  stress 
with  an  area  of  0.37  in2  is: 

2.453  _ 

O37“',,,n0  P" 

As  shown  in  Table  V  the  weighing  bat  carried  a 
tensile  load  of  2.000  lbs.  This  gives  an  accuracy  of: 


This  accuracy  is  satisfactory  considering  the  diffi¬ 
culty  of  such  measurements. 

BKNDIV;  STRESS  MEASUREMENTS 

The  meas  'remenls  of  the  vibrating  bending 
stresses  on  the  small  burkets  up  to  200  cps  rep¬ 
resented  a  special  problem  as  no  measuring  de¬ 
vice  was  available  for  recording  rapidly  (hanging 
strains  up  to  a  strain  changing  velocity  of  200 
cps.  Measurements  were  made  with  wire  strain 
gBges  at  the  same  locations  as  for  the  axial  static 
tests.  The  SR  4  strain  indicator  was  used  as  the 
■mim  e  of  the  carrier  frequency  in  the  Itridge  cir¬ 
cuit  and  as  an  amplifier  for  the  signal.  For  re¬ 
cording  the  results  an  oscillograph  was  connected 
to  the  output  amplifier  of  the  indicator.  The 
assembly  was  calibrated  with  a  vibrating  canti¬ 
lever  I  tram  of  uniform  cross  sectional  area  on 
which  wire  strain  gagrs  close  to  the  fastening 
point  indicated  the  strain  On  iIip  free  end  of  the 
cantilever  beam  a  mirrr  was  attached  for  the 
measurement  of  the  end  deflections.  The  system 
was  excited  .u  icsonaiiee  hv  means  of  a  Hewlett- 
Packard  audiofrequency  oscillator  connected  to 
an  amplifier  and  a  magnet  system  placed  under¬ 
neath  the  beam  clone  to  the  free  end.  The  mirror 
■I  thr  free  end  of  the  vibrating  beam  «as  lighted 
with  a  strahoiac  operated  at  approximately  the 
<wmr  frequency  as  the  vihralmg  heam  Thus  a 
transparent  arale  placed  in  front  of  the  strabota*- 
ct.illd  hr  virwrsl  ami  read  with  a  Irkwape  ron- 
t anting  a  crows  mark  The  distance  lie  wecii  the 
mirror  ami  (hr  a-wlr  ronshlenng  llie  double  angle 
shown  by  the  mirror  represented  thr  magnify  a- 
tion  The  an-urrey  of  this  comparison  met  Inal 
was  very  gxxal  A  slirtiula-  drawing  of  the  lest 


Tahi.k  V.  Minsurt'uelit  oj  bucket  tensile  stresses  in  the  test  device  under  an  filiol  load 


The  st  ruin  in  the  dynamometer  specimen  was  290  X  10~‘  in/in. 

Tlie  cross  section  area  of  the  weighing  liar  was  0.305  in2. 

Then  the  load  is:  290X  10  '  ^ 29. tv  i()»X0.305  =  2,600  lbs. 

The  cross  section  area  of  the  Imckct  at  the  measured  station  is  0.37  in2  (2.37  inches  from  the  tip). 
The  average  stress  at  this  loration  is  then: 


2,600 

0.37 


7, (MM)  psi 


iiOCHtioil  !  . 

No.  j 

Htm  1 

Strain  in  in/iii 

Hun  2 

<  10* 

linn  3 

ltun  4 

Strain  average 
|  X  10  ®in/in 

•Stress,  psi 

i 

a-70 

-  45 

a-  150 

r  90 

+  91 

+  3,300 

-  Ill) 

•  105 

I  110 

•  130 

•  113 

t-4,  100 

3 

*  105 

•  160 

r  155 

-  170 

-i-  160 

+  5,  800 

3 

-135 

-  115 

■  100 

Ml(> 

-  115 

-t-4,  200 

5 

0 

2(1 

50 

-41) 

27 

1  (-900)* 

ti 

7 

+  195 

-200 

-  190 

+  200 

:  ’  :  196 

+  7,100 

8 

r  33(1 

-  341) 

:  340 

1-310 

■  330 

+  12,  000 

') 

s-165 

-  360 

-  340 

-320 

1-348 

J- 12,  600 

1(1 

+  1!MI 

-  17(1 

-  165 

i  170 

-  174 

+  6,300 

The  modulus  of  elasticity  of  the  bucket  was  30. 1  •  til*  psi. 
•Not  included  in  Figure  I  I. 


Tari.E  VI.--  Calculation  oj  the  internal  fours  under  an  aria I  lot.d 


Small  area 
No. 

*1 

inches 

Thickness 

inches 

Width  ir 
inches 

Yulume  1  uf 
t  he  small  areas 
in’ 

Average  stress  1 
in  the  small  area 
|»i 

Force  on  stnull 
area,  ll>s 

1 

0.  197 

0.  395 

II  00752 

_ 

2,  57.5 

19.  4 

-■ 

(1  395 

0  474 

1)  00869 

4.  800 

41.  6 

ii 

0  474 

11.  570 

II.  01044 

6.  ISO 

84.  4 

4 

0  570 

It  650 

0.  01220 

7,  100 

86 

5 

(1  030 

U.  710 

0.  01360 

7,  900 

108 

6 

U.  710 

0.  810 

0.0*520 

8.600  , 

130 

6.  810 

(t  908 

0.  01718 

8.650 

148 

8 

a  908 

1.020 

It  011*28 

8.700 

168 

9 

1.020 

1  120 

•  0  02140 

8,600 

184 

10 

1  120 

1  200 

0.  500 

0.  02320 

8.250 

192 

II 

:  200 

1.  240 

O  02440 

7,  730 

189 

12 

1  240 

1  280 

O  02500 

7.  200 

180 

13 

1  280 

1  280 

It  02520 

6.  *00 

172 

14 

1.  260 

1  275 

U  02333 

ti.  400 

162 

IS 

1  273 

1  260 

0  02333 

6.050 

13.1 

16 

1  220 

1  240 

O  02300 

3,  600 

140 

17 

1.  240 

1  2U0 

0  02440 

V  ISO 

126 

1* 

1  20O 

1  100 

<102*10 

4.  430 

107 

19 

1  too 

U  908 

0  02008 

:t  ooo 

60 

20 

0  908 

0  273 

0  01183 

2.000 

24 

. .  . 

—  _ 

.  ~  _  .  ....... 

...... 

_ .....  - _ — 

SF  -  2.453.4 
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(■■•tar  10,  Scheme  o t  Ihr  iki  arranger. ret  (w 

calibration. 


**M«nbly  m  ahown  in  Figure  it).  The  amplitude 
of  'he  vibrating  beam  «u  increased  in  t  iimI 
for  each  step  the  output  signal  of  the  ».  w 
recorded  on  the  rhart  ol  the  oariUogr^pli. 
Finally,  the  stresses  at  the  location  of  the  gage* 


were  calculated  from  the  deflection  angle  (baaed 
on  the  distance  of  the  mirror  from  the  srale).  and 
the  stresses  were  plotted  against  the  recorded 
amplitude  on  the  oscillograph  chart. 

The  resulting  curve  is  shown  in  Figure  1 1  and 
»me  recorded  calibration  steps  are  presented  in 
Figure  12.  *rhe  recorded  strain  curve  gives  the 
frequency  to  CM)  cp*.  Beyond  the  natural  fre¬ 
quency  of  the  cantilever  beam  a  lower  frequency 
is  superimposed  resulting  from  the  loading  pro¬ 
cedure  as  the  beam  was  \ibrated  at  it*  natural 
frequency  or  clo^e  to  it  where  it  is  difficult  to 
maintain  a  stable  exrilation.  For  each  step  the 
average  of  the  amplitudes  over  a  pcrio.  of  I  10 
sec  was  evaluated  for  the  detrrminatiori  of  an 
avenge  amplitude. 

Since  the  calibration  was  known  for  the  uniform 
beam,  the  measuring  equipment  could  he  con¬ 
nected  directly  to  the  strain  gage*  on  the  bucket 
hv  inserting  .■»  switch  between  the  strain  indicator 


Fiiu-m  tl.  Sirwi  nmpiit  .ir-  mlikmtwn  <tia(ram  fur 
««•!  materials  for  evaluation  of  rivnamir  >trev-  mea-urr- 
mant.»  at  13ft  r|e 


ami  flic  gages.  This  switch  was  needed  to  connect 
thtf  strain  imlirator  alternately  to  the  different 
strain  gages  around  the  bucket.  The  recording 
equipment  described  al>ove  represented  one  chan¬ 
nel.  For  more  channel*  aeveral  strain  indicators, 
including  all  the  additional  teat  equipment,  wou'd 
have  been  necessary.  In  measuring  several  loca¬ 
tion*  during  a  continuous  vibration  of  the  bucket 
a  simultaneous  recording  of  all  strain  gages  was 
not  (Men till  and  one  channel  ras  satisfactory  as 
long  a*  the  switch  did  not  tl  tlurb  the  resistance 
in  the  circuit.  This  was  rherked  for  the  switch 
selected  and  the  resistance  was  found  to  I*  suffi¬ 
ciently  low  to  avoid  difftrul'ie* 

For  the  dynamic  bending  measurement*  a  mir¬ 
ror  was  atUrhed  to  tin  burkrt.  The  static  uul 
load  was  applied  and  then  the  brnding  vibration 
was  introduced  and  thr  deflection  was  measured 
optically.  I  n  order  to  correla  let  he  deflect  ion  ait  h 
the  strraa.  ten  strain  gages  were  placed  on  tl*. 
burke'  at  the  same  locations  a*  for  the  static  asi- 
test*.  Headings  were  taken  successively  for  all  m 
the  gage*.  To  insure  that  all  of  t lie  gage  readings 
•ere  taken  whilr  ‘V  bu>-kri  was  bong  vibrated 
with  a  constant  amplitude,  mirror  mcssurrcnenU 


130  CPS 


AMPLITUDE.  -  18,15mm 


l  int  as  15  Typical  CT-nllo*o|ih  ococrt  and  related  mirror 
tMWn.ae*  foe  ctlihlsllw 

of  tiic  deflection  acre  liken  before  the  strain  as 
■v#eh  gage  was  recorded.  Figure  13  show*  a  lyp- 
iral  record  of  this  test  Thus  the  eortvlation  b  - 
laeon  cb-flccl chi  and  stress  at  each  measures)  loeu- 
Iton  couid  be  investigated. 

In  'lie  rasp  of  two  point*  of  special  interval  are 
te  trailing  edge  of  U>e  bucket  and  the  centrr 
pant  on  the  convex  aide.  Hot!,  ‘location*  show 
inaMimim  stress  va'urs  either  in  completely  re- 
veraed  or  in  *m»  to  niaxiimitu  bending  Tlir 
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LOCATION  9. 


AMPLITUDE  •• 

AVERAGE  -ISflSmm, 

er,.  83  so  psi. 


fwMlJ  T>fM  m«nl  mil  nilMlia  » 

•<lx«  (w  Hi  M»w  Untiti  kxb  m  ifcr  bortrl 


r  >  alualian  folVa mg  >*  firm  for  Uli  ram  IV- 
pending  on  (nr  folium-  rUnrtrfiriim  for  ihr  n»- 
tmal  Ihr  failnr  intt  (tut  al  nlhrr  '  *mmi 
OhmiUt  flilvn*  rii  brpn  «t  Ihr  trail.  '  Jr. 


for  with  a  completely  rtvcnnl  tUwi  a  larger 
amount  of  energy  «  nmsumed  than  fitr  n  irro  to 
maximum  strc**.  However,  thr  failure  may  orig¬ 
inate  in  tlx-  renter,  imperially  for  higher  mad*.  if 
the  vibratory  sire**  exreerl*  tlie  highest  allowable 
load  for  a  given  number  of  eyrie*  for  zen>  to  maxi¬ 
mum  atrea*. 

Tlte  records  for  tlie  ten  lore  lions  around  the 
rroe*  section  id  tlie  burket  are  evaluated  by  use  of 
the  diagram  in  Figure  I!.  Table  VII  shows  tlie 
value*  obtained  by  tbi*  iiieaaureiiient.  In  the 
evaluation  it  should  lie  noted  that  tlie  dagram  in 
Figure  1 1  is  plot teil  for  »trr*ar*  on  -Her!  brain*.  In 
order  to  get  true  *lrr*«rs  for  vitallium  tlie  above 
stresses  are  multiplied  lit  tlie  ratio  of  tlie  moduli 
of  elasticity  for  thr  two  materials: 

-I.23X 

In  Figure  I  t  the  alresa  value*  of  Table  VII  are 
plotted  at  their  respective  location*  perpendicular 
to  thr  actual  cross  section  with  the  edge  aa  the 
zero  line.  The  full  line  represent*  the  stresses  for 
the  deflection  of  tlie  bucket  in  one  direction  and 
the  dashed  line  far  the  dedertion  in  the  opposite 
direction 

The  curve  for  the  art  ual  stresses  under  combined 
loading  is  determined  by  superimposing  the  bend¬ 
ing  streams  on  the  axial  statir  stresses  a*  measured 
above.  The  stresses  for  this  rate  ar»  shown  in 
Tahir  VIII  and  in  Figure  15.  The  preentalion 
is  given  in  the  same  manner  as  was  explained  for 
Figure  s.  The  stress  curve  shown  in  Figure  15 
intersects  for  the  two  dedertion  directions  with  the 
edge  of  the  cross  section  st  different  points.  By 
drawing  hues  through  the  corresponding  point*, 
(bare  hue*  include  an  angle  which  mdwates  s 
torsional  moment  of  the  bucket  during  operation 
as  was  observed  in  the  optiral  deflection  measure¬ 
ment  during  vibration 

During  the  fatigue  tests  the  deflection  was 
measured  This  measurement  was  evaluated  m 
stress  at  the  two  locations  on  the  be-ket  the 
trading  edge  and  the  center  on  the  convex  side 
In  the  rtasiir  range  the  stress  increases  propor¬ 
tionally  to  the  deflection  The  straws  was  meas¬ 
ured  for  a  selected  deflection  of  50  no  i  on  the 
wale  The  ratio  of  the  stress  acting  in  the 
fatigue  teat  corresponding  to  different  i  -flections 
obtained  and  the  sirens  measured  Uy  the  calibra¬ 
tion  bad  to  be  equal  to  the  ratio  of  thr  deflections. 
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T.tiu.K  IX.  Measurement  of  dr  flirt  ions  for  an  $X -diagram  ami  calculation  of  tins*  es  for  Ike  trailing  edge  and  or  the  renter 
at  tin  confer  sidi  of  tin  burbt  under  aiial  static  tensile  and  vibrational  hendi ny  forces  at  room  and  elevated  temperatures 


Stress  at 


;  Bucket  No. 


load.  Mirror 

lh>  romting,  »» 


Number  of 


r,:»ii>«r.  rr:,ili|IK  fVnt,r  convex  X  W 

psi  idc,  psi 


1000' 


>200' 


uoo 


>600*7, 


2  re' 

ton  at:  IT 


rVf  '  KOV  _  _ 

— -  \*  RAWRt  !N  *r. 

M.«IuIm-  of  rkotirity  •>(  Vi.sUmm  tllaynn  Stellite  211  versu*  lemperalure. 


For  rleveletl  temperature*  hasimlly  the  sumo 
consideration*  limy  In-  used  us  (or  ruum  tempera* 
lurr  to  obtain  the  true  stresses  toil  the  resulting 
stress  lots  :>■  Ite  tin  reeled  by  »  factor  * Sich 
account*  lor  toe  increased  dell  retain  of  the  bucket. 
This  furlor  will  not  <  hange  v  cry  much  for  dif¬ 
ferent  load*  nit  the  beam.  For  the  presented 
investigation  thi*  (actor  a  ns  assumed  to  lie 
roust snt  The  trie  Itending  forres  on  the  hurkrt 
«rr  not  liimsil  Itecattse  of  the  romplcv  system  in 
force*  involve*!  It  is  assum'd  lint!  n  eouaidrra- 
lilr  part  of  the  bending  Ion  I  arts  as  n  single  loatl 
In  the  kind  of  M  introduction  usetl  Therefore, 
the  favtor  ass  <lrt ermine*!  for  «  cantilever  beam 
ailh  length  corresponding  to  the  distance 
bel«  <'ii  the  root  anti  the  inirutluetimt  punt  of 
the  lateral  vihratam  forre  into  thr  Imrkel  For 
s’lr!:  a  rantllever  Iteam  the  deflrrtioo  for  a  single 
load  on  the  free  end  t.l  mum  tempers'.  ate  as  ae' 
nt  at  eletateil  temperature  a  a*  determined  Tlir 
ram|it*rw>n  it  tlosn  in  Figure  IS  Tltr  ratio 
V*«  y’r  of  the  la o  *leflr*'lH»i  *  »l»ur  at  thr  measure** 


station  of  the  length  ass  detenninrtl  for  the  tao 
temperatures  1.360*  F.  and  1,526“  F.  y'»  is  the 
deflection  ut  room  temperature  and  yr  the  tme 
at  elevntetl  temperature  at  this  location  of  the 
lieniti.  Thus: 


•a  »’* 

•r’Vr 


or  •r'**  •*' 


y  • 


Therefore  ae  obtain  for  the  true  strra*  at  rlevatetl 
temperature  in  respect  to  the  ronsitleralions  altove: 


,-l*.noo*'.V 

SO  y  » 

aiteee  jr'*  ami  y'»  are  drfanl  a*  above  ami  yr  -* 
the  innumml  deflection  under  vibration  at 
rlrvmird  tempera  I  ure 

With  this  relation  the  st resat  values  for  the  tao 
*\  turves  at  elevated  letnperaturea  a  ere  obtained 
Tattle  IX)  Tlte  resulting  >*X  diagrams  are 
presented  in  Figure  19  ami  Figure  20.  a  Inch  are 
plntieil  i or  ll.e  la-o  important  peak  stress lora lions 


I*  cs*«^  to  *fr*toa  moment,  *******  **•>*.«»  Ik*  backet  W««th  atd  ratio  at  Ike 

■wwnJ  «T*a  mttiam 


I  he  inuhn*  »d*e  and  the  wire  fibre  »i  the  moves 
aide  of  the  bucket. 

At  nmn  temperature  the  nv.»rt#f»  br  <r 
i hr  bucket  *u  12.000  pm  far  the  troilit*  - 
and  24.400  pm  for  ibe  center.  If  the  eudui  ■* 


limit  for  Sat  penmen*  in  completely  reverted 
beodttqt  for  cast  vilathum  »  33,000  P®.  ■*»  other 
author*  have  found,  tbr  bucket  I  rated  in  airntdated 
arrvtrr  cooditione  a  w«  67%  of  tbr  at  nun  front 
the  etandard  teat  f »  the  trading  «d*e  and  80% 
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CYCLES 

Fir.ru  19.  FMi*w  !e«t«  with  Vitallium  (Haynes  S'ellite  21V  Burkets  inder  axial  tension  and  superimposed  vibra¬ 
tional  bending  load  at  mom  and  elevated  temperatures.  Stresses  at  the  trailing  edge. 

•  75"  F  A  1360"  F  x  1526“  F 


for  the  center.  Probably  the  apparent  loss  is 
due  to  the  following  conditions.  The  stress  is 
not  quite  uniaxial  in  the  tapered  shell  and  residual 
stress  conditions  exist  front  the  casting  procedure. 

The  distribution  of  the  stresses  over  the  length 
of  the  bucket  is  presented  in  Figure  21.  As  the 
bucket  is  a  tapered  cantilever  beaut  the  stresses 
resulting  frotu  the  static  load  increase  toward  the 
free  end.  I'nder  centrifugal  load  the  tendenry 
toward  increased  stresses  is  directed  to  the  root 
section.  Over  these  stresses  vibrational  bending 
stresses  are  superimposed  correspondent  to  their 
distribution  over  the  length.  The  variation  ut 
caused  by  the  cross  sectional  changes  of  the  bucket. 
The  maximum  stress  may  not  exceed  the  fatigue 
stress  of  22,000  psi  ntcssured  shove.  Thus  the 
point  of  ntadmunt  stress  over  the  length  wts 
determined  to  be  st  a  distance  of  1.80  inches  from 
the  root.  In  the  tests  fractures  occurred  at  that 
location  with  a  slight  deviation  in  each  direction 
for  individual  buckets.  The  location  range  corre¬ 


sponds  also  to  the  calculations  in  Part  I  of  this 
report  and  to  the  location  of  failures  in  service 
insofar  as  they  occurred  front  the  vibration  at  the 
fundamental  frequency. 

Considering  the  start  of  a  failure  >n  the  fractured 
section  two  cases  have  to  be  ohjerved.  In  most 
cases  the  fatigue  failure  started  at  the  trailing  edge 
similar  to  the  behavior  of  the  bucket  in  service. 
However,  in  a  few  cases  at  elevated  temperatures 
the  fatigue  failure  nucleus  cas  observed  in  the 
center  of  tlie  convex  side.  The  consumed  energy 
at  this  point  is  dose  to  or  above  the  one  at  the 
other  rritieal  location  at  the*  trailing  edge  and 
would  therefore  be  expected  to  be  the  origin  of 
tome  of  the  failure*. 

CONCLUSIONS 

The  fatigue  properties  of  east  vitallium  bucket* 
>r  the  J-33  gas  turbine  engine  were  investigated 
under  Emulated  service  conditions.  It  was  ncccs- 
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Kin.  as  311.  Ko'iitur  IcM*  with  Vilnllium  illavnc*  Sit-llitr  21'.  Ituekrl*  uixlrr  axial  Irtv-iati  and  mprrimpmeU  vibra¬ 
tional  hemling  lotul  at  Kami  ami  rlrvatwl  li"m|»ratitrt—  Street-*  at  tl.r  eerier  ol  ihe  romvt  htirkel  >Kfe 

•  TV  I  .0  I.MO*  V  x  l,i»*  V 


sarv  In  tl*Veiop  tin-  method  ami  e<|uipmeiil  to 
tio  lltU.  Tin-  centrifugal  form-  mi  thr*  bucket  is 
simulated  by  an  a\ml  load  Tie-  hcmling  vibra¬ 
tional  loath  an*  sttprrimp  osml  on  the  axial  I  >atl  anil 
al  tin'  saint*  hint*  tin*  temperature  gradients  are 
approximated  .V  method  waa  developed  I  *  earrv 
out  atirlt  test*  and  tin*  evaluation  then  of  i*  pre¬ 
sented  Tin*  stresses  present  in  I  In*  bueket  during 
llw*  tests  arm*  •iimatin'tl  and  an  S\  diagram  pi  oiled 
lo  indicate  lln*  fatigue  slrrngth  of  ilu*  bucket* 
under  lln*  simulated  service  conditions.  Tin*  re¬ 
sults  seem  r*»  justify  I Itn  following  pattrluttont: 

ta)  The  test  method  developed  permit*  lln* 
investigation  of  various  ratios  of  axial  h  I*- tiding 
loads  for  desired  temprrature*  and  temperature 
gradients  and  for  various  sites  and  shapes  of 
buckets 

(b)  A  method  of  prrdirting  tbs  location  of 
frarturrs  is  presented  and  confirmed  bv  the  I 
intuits 

.16 


(el  The  fatigue  strength  inerraara  at  elevated 
temperatures  ;ov«-r  room  temperature)  for  eaat 
vilalhum  bueke  i  t  *!:.-  santr  manner  as  for 
standard  plate  bentiing  sperttnenv 

id)  Tfte  fatigue  strength  of  the  buckets  waa 
slightly  less  than  for  plate  bending  specimens 
probably  due  to  iuHuener  of  biaxial  stresses  and 
residual  stresses  in  the  burltrls. 

let  It  is  possible  to  make  reasonably  accurate 
stress  measurement*  even  on  such  small  parts  as 
buck*  l«  and  t  o  eheek  this  smirwcy  by  m  H>ns  of 
crpiilibrium  conml  -rati on*  between  (be  evt-*mal 
and  inirrttal  fore.-s  resulting  from  static  cab  ration 
testa. 

(f)  Different  stress  conditions  exist  sin.  dtane- 
ously  al  various  locations  in  tbe  bucket  For 
example,  for  a  given  atator  axial  pcvfoad  and 
bending  amplitude,  the  rcnl~r  of  the  bucket  varies 
frem  aero  to  a  maximum  lensdr  stress  and  the 


Kiofti:  -I  Actual  of  Mr*****  over  th^ 

bucket  ieruc’h  a*  the  fattKUe  limit. 

(ruling  <•»]>:•■  i.i  stressed  in  rtMitpIclely  reversed 
loading; 

: j; i  Tin*  motion  »>f  tlo-  bucket  is  »  combination 
•f  plane  bending  and  superimposed  torsion  due 
to  the  screw  type  neutral  axis. 

;h>  Tlie  vibration  amplitude  of,  and  hence  the 
stresses  in.  the  I.  «ket  is  a  very  sensitive  function 
of  the  root  dan i ping 

H  ECOM  M  KN  DAT  10. NS 

It  is  recommended  that  the  following  additional 
•  ark  be  accxxnpltsitrd: 

•a>  InreatigaU  additional  material*  in  the  form 
of  buckets  to  establish  a  definite  relationship,  if 
possible,  brtween  the  bucket  fatigue  lest  at  the 
fundamental  frequency,  and  a  standard  materials 
fstigxr  teat.  If  a  consistent  relationship  is  found, 
further  inrestigations  of  matrrials  proposed  fo" 
buckets  ran  lw  evaluated  by  a  sun  pie  standard  test 
,bi  Extern!  the  boekrt  fatigue  test  of  applicable 
materials  to  higher  harrionirs 

■e,  Extend  the  preliminary  work  on  damping 
at  the  root  section  by  investigating  the  energy 
consumption  of  fils  having  various  controlled  toler¬ 


ances  (under  simulated  centrifugal  loads).  Thus.- 
tolerances  should  be  controlled  in  such  a  manner 
that  the  designer  of  new  buckets  can  utilize  this 
information  in  an  effort  to  determine  the  type  of 
fit  with  the  greatest  possible  damping  and  conse¬ 
quently  the  lowest  vibrational  stresses  in  the 
buckets. 
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Elevated  Temperature  Testing  Procedures 

Continuous  Recording  of  Time-Deformation  Readings  During  Creep-Rupture 
Testing  at  Temperatures  Up  to  1200°  F 

W.  H.  RECTOR 


Austuact — .-I  new  method  of  recording  deformation  during  creep * 
rupture  testing  at  temperatures  up  to  1200°  F  is  presented.  This 
method  has  the  adtanlages  of:  (I)  obtaining  a  continuous  tune- 
deformation  record  up  to  failure,  compared  to  the  imtenniltant 
readings  ehtoinrd  using  the  former  manual  method  c_.d  (2)  being 
completely  nn  tons  fir  an d  sating  the  technician's  tune  required  to 
male  manual  measurmemts.  7 %<«  method  employs  cameras  to 
record  the  data.  A  description  of  the  equipment  it  gieen. 


I.  INTRODUCTION 

This  report  ni  written  to  dcornbe  the  equip¬ 
ment  anu  trot  procedure*  used  in  obt-uninv  * 
continuous  record  of  Mn»e-defortnal  on  reading* 
during  creep-rupture  tests  on  various  alloy  sheet 
material*  and  ineUl-to-meud  adhesive  bonded 
specimens  for  time  periods  front  a  few  hour*  up 
to  thousands  of  hours  of  test  time.  Several  types 
of  materials  have  been  tested  using  this  equip¬ 
ment  but  no  description  of  this  particular  procedure 
has  been  prevkoslr  presented 

II.  STRAIN  GAGE 

The  trot  specimen  normally  used  fur  (best  mate¬ 
rial  is  speronmately  twenty  inches  in  length  by 
one  and  oat  quarter  inches  in  width  with  s  two 
inch  gsgs  length  which  is  one  half  inch  w  width. 
Tbs  exteowmetre  is  attached  to  the  specimen 
k«ge  length  by  means  of  pointed  tishdres  steel 
or  high  lemperatuw  aP'f  set  am 

The  elevated  temperature  strain  apparel  us  em¬ 
ployed  in  lhar  procedure  is  of  standard  design, 
manufactured  by  tbe  Bsldain-Luua-Hstndton 
Corp.,  Model  PSH-t.  The  strain  reading  is  indi¬ 


cated  on  a  motor  driven  counter,  which  reads 
deformation  in  0.000025  inch  increments. 

A  test  specimen  mounted  in  a  standard  leree- 
type  creep-rupture  frame  is  showr.  in  Figure  I 
(Furnace  removed*  with  strain  gage,  coo  trot  and 
recording  thermocouples  attached.  On  tbs  hoot 
of  tbe  t  ot  frame  is  shown  the  panel  containing 
the  electronic  system  for  the  strain  gage  operation, 
deformation  counter,  and  liming  devices. 

Two  time  counters  are  used  for  accurately  re¬ 
cording  test  time;  ooe  is  a  revotuuja  counter 
calibrated  to  read  to  tbs  nearest  X*  hour  while 
s  standard  dock  with  a  sweep  second  hand  is 
used  to  indicate  the  time  in  secoods  and  mica  tee 
d  in~g  the  initial  landing  of  the  tent  specimen 
and  early  stage*  of  creep. 

III.  RECORDING  EQUIPMENT 

Since  tbe  otruin  roe*  wring  equipment  deucribad 
abo-a  required  laboratory  personnel  u>  ink* 
■*’  mdings  at  carious  tunes  throughout  the 
i(  was  noted  that  a  coomdere*  1e  amourt  of 
Able  test  lahu-matioa  was  being  lest  dwing 
the  lights  sod  over  weekends  when  psresonet 
were  off  duly.  Cnsfoikk  thought  *  >  given 
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IV.  ELECTRONIC  CONTROL 


to  <lrvi.<iing  a  more  suitable  means  of  recording 
these  test  data  not  only  during  off-duty  hours 
hut  also  automatically,  thereby  relieving  labora- 
lan-  personnel  for  other  duties.  Several  methods 
of  automatic  recording  were  investigated. 

A  decision  was  reached  t«  automatically  photo¬ 
graph  the  strai-  counter  and  time  meters  at  pre¬ 
determined  pei.ods  throughout  the  day  Several 
methods  of  photographing  the  different  meters 
aere  studied  and  the  final  solution  was  obtained 
by  revamping  motion  picture  cameras  for  single- 
frame  exposure  operation.  A  Standard  Airrraft 
Bomb  Spotting  Camera,  which  is  a  :<*>  mm. 
motion  pi  ture  camera  with  a  shutter  speed  of 
S*  of  a  second  was  mollified  for  this  particular 
task.  The  motion  picture  drive  assembly  was 
removed  and  replaced  by  a  specially  designed 
tandem  solenoid  mechanism. 

The  solenoid  mechanism  serves  a  twofold  pur¬ 
pose:  first,  it  artuates  the  camera  shutter  ami 
second,  as  the  shutter  closes,  a  second  solenoid 
drives  a  dutch  which  in  tuni  advances  the  film  to 
the  next  frame.  The  camera  holds  100  feet  of 
film,  with  16  exposures  to  the  foot,  which  in  moat 
instances  will  reconi  an  entire  creep-rupture  test. 

An  f:  2  j  25  i  n.  lens  is  uaeil  with  the  camera 
which  covert  a  relatively  wide  a.  ea  and  has  a  focal 
longi h  of  approximately  one  foot.  This  allows  the 
rx  tiers  to  bo  placed  dose  to  the  teat  frame,  thereby 
not  taking  up  attic  space  in  front  oi  the  test 
frame.  The  camera  is  mounted  on  top  of  *  I'f- 
inch  pipe  which  in  turn  is  mounted  rigidly  to  the 
Boor  to  'revent  the  rulin'-  >  from  moving  while  in 
operation.  Originally  a  hrm-hrl  was  mounted  on 
the  test  'me  for  Sliding  tin  camera  but  this 
proved  mis  dart  ary,  since  <■  rgtxing  the  camera 
vibrated  the  i  st  frame  winch  in  turn  transmitted 
the  vibration  to  (hr  uram  gage  causing  false 
motion  to  be  recorded  «n  the  strain  counter. 

A  camera  unit  is  shown  in  Figure  2  illustrating 
its  loratn*),  on  the  pipe  aland  ard  its  location  with 
respect  to  (hr  testing  frame. 

In  order  to  illuminate  and  reduce  ahadow*  on 
the  strain  rountev  and  time  metres,  two  IUO 
ancle  power.  24  volt  tX\  airmail  landing  ligh?< 
<we  mounted  on  the  camera.  One  light  »  mounted 
three  indies  above  ami  the  other  three  inch  ■» 
Ur  low  the  renter  line  of  the  camera  lens.  The 
location  of  l  hear  light  a  is  shown  m  Figure  2. 


.Vs  was  mentioned  in  previous  paragraphs,  the 
cameras  ami  lighting  were  of  airrraft  type  which 
were  originally  designed  for  airborne  use  for  opera¬ 
tion  rn  a  24  volt  DC  power  supply.  Therefore,  it 
was  necessary  to  obtain  a  24  volt  DC  supply  for 
this  operation.  Since  it  was  found  thst  each 
camera  ami  its  lighting  required  7  to  9  amperes 
for  one  quarter  second  time  interval,  it  was  con¬ 
cluded  that  the  most  satisfactory  voltage  supply 
could  lie  obtained  by  using  a  24  volt  storage 
battery.  The  use  of  an  AC -DC  voltage  rectifier 
was  contemplated,  but  due  to  high  amperage 
requirements  per  unit,  the  capacity  and  iv of  the 
rectifier  required  were  prohibitively  large. 

A  control  punel  for  the  cameras’  operation 
was  designed  and  fabricated  for  control  of  fifteen 
earners  stations.  It  was  designed  using  two 
timing  units,  one  for  short  time  periods  and  the 
other  for  kmg  time  periods.  These  timing  units 
are  of  the  tandem  recycling  type;  that  is,  each 
unit  is  made  up  of  two  timers  so  designed  as 
to  enable  two  operations  to  be  completed  in 
each  cycle.  One  tinier  of  each  unit  roiiliuls  the 
interval  between  photographic  exposures  while 
the  -■  wood  timer  of  each  unit  controls  the  time 
of  the  photographic  exposures. 

The  two  timing  units  installed  in  the  control 
panel  enable  a  variety  of  time  intervals  to  be 
selected  depending  upon  the  particular  test  being 
conducted.  One  timer  is  for  B-3  minutes  opera¬ 
tion  ami  other  is  for  0-60  minutes.  The  second 
or  operational  timer  in  each  unit  is  a  0  to  5 
second*  timer  and  is  set  for  X  of  a  second  operation. 
Each  of  the  timer*  controls  the  holding  coils  of 
60  ampere  auxiliary  relays  which  in  turn  control 
the  direct  current  source  for  the  camera*  aud 
lamps.  A  double  pole,  double  throw,  center 
position  •idT',  toggle  switch  is  located  in  th* 
pane)  for  each  camera  unit.  This  type  swi'ch 
enables  the  operator  to  connect  the  ranter*  to 
either  of  ibe  two  tandem  recycling  timers  or 
.  lace  it  in  the  "vS"  position  when  not  in  use. 
Pilot  light*  st  the  top  ^  bottom  of  each  switch 
indicate  which  timer  is  being  used  by  that  unit. 

In# tailed  in  the  lower  half  of  the  ccot.ol  pane) 
arc  a  battery  charger,  two  24  volt  storage  balerir* 
and  auxiliary  switches  This  section  is  wired  U. 
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permit  the  use  of  either  battery  ns  a  voltage 
supply  while  the  other  is  being  re-charged  or 
both  batteries  tuny  be  used  at  onee  thereby 
permitting  little  drain  on  either  battery. 

I.iOcuto<i  at  the  base  uili  "amera  is  an 
auxiliary  switch  which  uermits  manual  operation 
of  the  eamera  ami  lighting.  This  eualdes  the 
operator  to  cheek  the  function  of  the  unit  and 
aids  in  loading  the  film. 

Figure  It  -.hows  a  photograph  of  the  control 
panel  with  various  sections  indicated 

V.  TF.ST  DATA  AM)  CL'RVKS 

All  test  data  are  recorded  on  Hast  limit  Negative 
Super  XX  fihn  uie.i  process  dev  eloped.  Processed 
film  is  read  by  means  of  a  microfilm  reader  and 
the  data  recorded  for  each  frame.  The  data 
obtained  from  those  readings  arc  used  for  the 
plotting  of  time-deformation  curves  Shown  in 
Figtue  4  is  a  photograph  enlargement  of  a  single 
frame  of  do  nun.  te-.t  film  showing  the  strain 
counter  and  timers. 

SUMMARY 

Two  time-deformation  curve*  are  shown  in 
Figure  5,  one  of  w  hirh  w  as  produced  from  reatlinga 
taken  by  personnel  during  the  normal  tight  hour 
work  period  while  the  second  war  produced  from 
data  obtained  front  a  regular  test  film.  This 
t  icarh  shows  that  a  continuous  type  of  recording 
is  necessary  to  obtain  a  reliable  time-deformation 
curve  As  show  n  hv  the  curve  plotted  by  manual 
readings  it  is  difficult  to  determine  where  the  final 
stage  of  creep  really  started  while  the  second  -urve 
clearly  deftnea  all  the  deformation  occ  urring  in  the 
test  specimen.  The  difference  is  more  pronounced 


in  tests  of  shorter  duration  where  ereep  is  aeceler- 
n ted  due  to  the  application  of  higher  stresses  thus 
requiring  manual  readings  to  be  taken  almost 
continuously.  Tlte  loss  of  data  during  off  duty 
hours  would  “Iso  lie  more  significant  in  the  shorter 
tests. 

The  photographic  method  of  recording  test  data 
is  highly  beneficial  in  many  ways.  It  (1)  provides 
a  permanent  test  record,  (2)  allows  skilled  person¬ 
nel  who  were  formerly  taking  manual  readings  to 
be  free  to  accomplish  other  tasks,  and  (3)  provid.-s 
for  reading  of  completed  test  films  by  clerical 
help.  Formerly  the  manual  readings  were  taken 
hv  qualified  engineering  personnel  due  to  t'*e 
accuracy  and  other  requirements  which  were 
essential  in  obtaining  the  readings.  It  has  been 
found  that  since  this  method  of  recording  has 
(icon  employed  a  saving  of  approximately  75  per¬ 
cent  in  man  hours  has  been  attained. 
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Quantitative  A4nalysis  of  Elastomers  Through 
the  Infrared  Spectra  of  Their  Pyrolyzates 

F.  F.  BENTLEY 
i;.  RAPPAPORT 


AlJntcr — .-(  semiquantitaiiie  method  is  described  for  determining 
polymer  blends  and  co-polymer  ratios  from  the  infrared  spectra  of 
their  pyrolyzates  ( distillates  I,  The  method  mu  established  through 
the  analysis  of  phenolic  resin  blends  in  Buna-  V  rubber,  and  bv 
determining  the  percentage  urrylonitrile  in  butadiene  acrylonitrile 
co-polymers. 

The  method  described  here  permits  the  senuquanlilatir*  analysis 
of  Buna  S  phenolic  resin  blends,  tchich  because  of  their  physical 
stair,  cannot  be  analysed  by  conrentional  method ».  It  also  makes 
it  possible  to  estimate  the  amount  of  nancombvsdhlc  materials  in 
these  polymers.  The  method  is  based  an  the  pyrolyoate  technique 
combined  tcith  standard  infrared  quantikUitv  procedures. 


INTRODl'OTION 

Infrared  method*  have  brrn  worked-out  (or  the 
quantitative  analysis  .if  polymer  blend*  and  co¬ 
polymer  dim  by  olhrr  investigator*  <-U.  These 
method*  *n-  havd  <m  the  fart  that  the  polymers 
will  daaolvr  in  organic  wlirnu  snd  ran  be  pre¬ 
pared  frrr  of  compounding  ingredient*  (or  sprt  u«- 
•copir  inrn  U(ilion. 

Buna-N  phfoo'tr  resin  blrnd*  cannot  br  an¬ 
alysed  kr  conventional  method*  because  of  their 
pkjwtl  make-tip  Buna-N  phrnobr  r-sui  blend* 
were  found  to  contain  phrnobr  train  and  all  of  the 
polymer  blend  did  not  dissolve  in  a-dirhloro- 
brnJroe.  the  solvent  commonly  rn  p4«yed  to 
dwanlerd  vulcanised  rubber*  The  uae  cf  stand  - 
ard  pnwadum  for  the  quantitative  analysa  of 
the  poipair  blind  a  thus  prevented 

The  am  ot  the  infrared  apertra  of  pyrolyxalrs 
(dirtiBaUn'  for  the  qualitative  analysis  jf  complex 
organic  ma lenah  araa  demonstrated  by  Harm*  (I ). 
Krone  and  WaBare  (2).  They  aboard  that  unique 
and  reproducible,  although  undoubtedly  complex. 


pyrolysis  products  wer*  obtainable.  These  prod- 
urU  gave  distinct  and  reproducible  infrared 
apertra.  This  fact  led  to  tlie  development  of  a 
aemiquaniilativr  method  for  the  analysts  of  Buna- 
N  phenolic  nrun  blend*  through  the  infrared 
spectra  of  their  pvrolyxatr*  The  method  is 
based  on  the  pyrolysis  technique  combined  with 
standard  infrared  quantitative  procedures. 

Pyrolysis  products  of  sev.  ra)  known  blends  o1' 
Buns-N  phenolic  resin  were  prepared  and  a 
aorking  curve  for  the  eatL-ualion  of  unknown 
h'riHta  was  established  The  validity  of  tbr 
armiqua.  'tative  pyrolysis  technique  was  further 
established  by  detrrmin'ig  l lie  percentage  acnrlo- 
i.itnle  in  Buns-N  elastomer*  The  acrylonitrile 
content  of  Buna-.\  elastomers  ran  be  determined 
by  c-jnvetiliooal  methods  and  waa  only  included 
to  demonstrate  the  general  applicability  of  the 
srmiquantii'-'  e  pyrolysis  method 

It  is  part  riy  noteworthy  that  thr  rlastoraei* 
ran  bs  sep*  d  from  carbon  black  and  inorganic 
materials  in  tne  rubber,  leaving  a  clean  residue 
The  rvidue  from  the  pyrolysis  of  several  Buna- 
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N  phenolic  resin  blends,  containing  known 
amounts  of  noncombustib'.c  materials,  was  col¬ 
lected  and  weighed  to  determine  if  the  noncom¬ 
bustible  ingredients  could  bo  analyzed  along  with 
the  elastomer. 

Although  the  results  were  somewhat  high  in 
each  sample,  d”e  to  a  slight  charring  of  the  elas¬ 
tomer,  the  diffi  i-onees  between  the  calculated  and 
measured  values  were  fairly  constant.  The  py¬ 
rolysis  technique,  therefore,  provides  a  seiniquan- 
titative  method  of  determining  the  amount  of 
material  together  with  the  elastomer.  Further¬ 
more,  the  technique  isolates  the  inorganic  materials 
from  rubber  in  a  form  particularly  suitable  for 
spectrograph ic  and  X-ray  analysis. 

Apart  from  the  longer  time  required  to  prepare 
the  pyrolyzates  the  method  discussed  here  apDears 
to  have  several  advantages  from  a  qualitative 
aspect.  These  advantages  are  described  in  Ap¬ 
pendix  I. 

Section  1. 

SEMIQUANTITATIVE  ANALYSIS  OF 
BUNA-N  PHENOLIC  RESIN  BLENDS 
AND  CO-POLYMER  RATIOS 

APPARATUS: 

Baird  infrared  Recording  Spectrophotometer, 
Model  B.  Sargent  Micro  Fumaco,  Combustion 
Assembly,  Zimmerli  Gage,  and  a  Duo-Seal  Vac¬ 
uum  Pump.  The  pyrolysis  was  performed  in  a 
combustion  assembly  especially  constructed  for 
this  investigation.  The  dimensions  of  the  com¬ 
bustion  assembly  are  probably  not  critical.  It 
was  designed  to  allow  reproducible  conditions  of 
pyniiysi*  that  in,  uuv  luusly ,  mure  important  for 
quantitative  studies  than  for  qualitative  analysis. 
No  detailed  investigations  were  made  on  the  effect 
of  varied  pyrolysis  conditions  on  the  composition 
of  the  pyrolyzates.  An  attempt  w«  made  to 
duplicate  the  initial  pressure,  time,  and  tempera¬ 
ture  conditions  for  the  preparation  of  each  pyroly- 
zatc.  The  assembly  and  apparatus  used  to  pre¬ 
pare  the  pyrolyzates  are  shown  in  Figures  1, 
2  and  3. 


Floras  I.  Combustion  Appsntus — dismantled. 

A.  Combustion  tube 

B.  Combustion  aasrmbl} 

C.  Receiving  flash 


CHEMICALS: 


Fiovna  i.  Amfr.htori  corobueuoo  sppanliM 


Chlorcfonn,  Octagon  Process,  Inc.  USP  Grade- 
Acetone,  Eastman  Kodak  Product  "white  label" 
quality.  Both  chemicals  were  used  directly  from 
the  bottle  without  further  purification.  Dry  ice 
was  used  in  a  cold  trap  in  the  preparation  of  the 
pyrolyzates. 

PROCEDURE: 

A  two  gram  sample  of  rubber  was  placed  in  the 
combustion  tube  (Fig.  la),  and  the  combustion  ap¬ 
paratus  assembled  as  shown  in  Figure  2.  The 
combustion  tube  was  placed  in  the  furnace,  the 
receiving  flask  (Fig.  !c)  covered  w’fh  dry  ice,  and 
the  open  end  of  the  combustion  assembly  con¬ 
nected  to  the  vacuum  pump.  The  other  tube  of 
the  assembly  was  connected  to  a  Zimmerli  Gage 
to  record  the  pressure  during  the  pyrolysis  The 
completely  assembled  apparatus  is  shown  in 
Figure  3. 

The  pressure  in  the  system  was  red- iced  to  2 
nun  of  Hg.,  the  Pirns'-  turned  on,  and  the  sample 
heated  to  a  temperature  of  540  to  580*  C.  This 
required  about  15  minutes  when  the  furnace  was 
operated  at  110  volts. 

The  pyrolysis  products  which  formed  were 
present  in  the  dry  ice  trap  and  in  the  receiving 
tube  leading  to  it.  They  were  washed  out  with 
s  30-70  percent  blend  of  acetone  and  chloroform. 
All  the  washings  were  combined  and  the  solvent 
evaporated  under  identical  conditions  for  each 
sample.  The  resulting  tar-like  pyrolyiate  was 
placed  between  rocksalt  platea  using  a  0.05  mm. 
sparer  and  the  infrared  spectra  recorded  on  a 
Baird  Model  B  Spectrophotometer.  The  spectra 
of  the  Bui.a-N'  polymers  Wended  with  0-33  per- 
eent  phenolic  resin*  are  shown  in  Figure*  4  and  5. 
Absorption  band*  rharaclrri*tic  of  a  ON  linkage 
in  cured  Buna-N  elastomers  with  known  amounts 
of  acrylonitrile,  nr*  shown  in  Figure  6. 

COMPUTATION  OF  DATA  AND 
RESULTS 

The  method  u*cd  for  preparing  the  working 
curves  for  determining  the  pbenotir  resin  content  of 
Buna-N  phenolic  resin  Mrnd  was  that  employ  d 
by  Dintmore  and  Smith  (3).  It  waa  slightly 
modified  by  using  base-line  absorbance  ralies 
This  wa*  d  o  minimise  errors  due  to  the  in¬ 
ability  of  r  during  sample  thicknewas  using 
demounlah!  U*  The  base  line  technique  was 
used  to  circumvent  possible  error*  due  to  the 
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WAVE  NUMBERS 

5000  4000  3000  7*00  2000 


Kiuire  6.  Pvrolvzate  of  Buna-X  rubber  containing 
A — 19%;  B— 27.5%;  C— 35%  acrylonitrile. 


ratios  of  the  two  bands  used  in  plotting  the  cali¬ 
bration  curves. 

The  absorbance  of  the  bands  at  2.95  and  4.48 
microns  was  computed  according  to  the  formula 

.4=Log|0  j 

Tha  absorbance  values  and  the  percent  phenolic 
resin  blinds  for  the  samples  analyzed  are  shown 
in  Table  I.  Tha  plot  of  the  absorbance  ratios  of 
these  bands,  computed  by  the  formula 

^Absorbance  of  the  2.95  micron  band 
Absorbance  of  the  4.48  micron  band 

against  the  percent  phenolic  resin  blends  are  pre¬ 
sent'd  graphically  in  Figures  7  and  8. 

The  plot  in  Figure  7  constitute*  the  calibration 
curve  for  Banc-N  oolymers  blended  with  0  .o 
16  percent  phenolic  resins.  A  fairh  straight  lin- 
relationship  was  obtained  for  this  set  of  data  in 
the  range  shown.  With  higher  percentages  of 
phenolic  resins  in  Buna  N  rubber  a  straight  line 
relationship  is  no  longer  observed.  Tha  working 
curve  prepared  from  the  spectra  of  Buna-N  poly¬ 
mers  blended  with  0  to  33  percent  phenolic  resins 
ia  shown  in  Figure  8.  A  similar  curve  was  obtained 
from  the  spectra  o'  the  same  py  roly  rates  recorded 
on  a  Model  21,  Perkiu-Elmer  Spectrophotometer. 


Table  I. — Abti  lance  ratio t  and  percent aget  of  phenolic 
reein  hLnde  in  Buna-  V  rubber 


Sample 

No. 

Percent 

phe¬ 

nolic 

resin 

A beorb- 
ance  of 
2.95 
band 

Abaorb- 
ance  of 
4.48 
band 

Abaorb- 

anre 

ratio 

Cali¬ 

bration 

curve 

i . 

0 

0.  134 

0.  238 

Fig.  8 

2 . 

0 

0.  179 

0.  556 

Fig.  8 

3 . 

0 

0.  324 

I.  006 

KeH 

Fig.  8 

4 . 

5.  5 

0.  198 

0.  301 

0  658 

Fig.  8 

5 . . 

y.  l 

0.  238 

0.  260 

0.915 

Fig.  8 

ti . 

ia  7 

0.  359 

0.  250 

1.440 

Fig  8 

7 

0 

0.  127 

0.  263 

0.  4t5 

Fig.  9 

8 . 

0 

0.  1C5 

0.249 

0.  472 

Fig.  9 

9. . 

5.  5 

0.  228 

0.  396 

■IIAM 

Fig.  9 

1U . 

5.  5 

0.  232 

0.377 

0.  615 

Fig.  9 

il . 

y.  i 

0.  103 

0.  710 

Fig.  9 

12 _ 

y.  i 

0.  158 

0.  7(  J 

Fig.  9 

13 . 

10.  7 

0.373 

1.  os 

Fig.  9 

14 . 

16,  7 

O.  380 

1.08 

Fig.  9 

15 . 

o3.  3 

0.  532 

2.  22 

Fig.  9 

16 . 

33  3 

0.  544 

0.  232 

2  34 

Fig.  9 

X . 

1.  84 

EttFB 

X . . 

0.  321 

1.  83 

Fig.  9 

None  of  the  calibration  curves  prepared  for 
the  Buna-X  ohenolic  renin  blends  terminated  at 
the  origin  of  the  coordinates,  but  rather  at  an 
absorbance  reading  of  0.3  to  0.5.  The  int.rcept 
indicated  the  presence  of  absorption  in  the  2.9 
micron  region  in  the  Buna-X'  elastomers  not 
blended  w  th  phenolic  resins,  which  is,  indeed, 
observed  in  the  spectra  of  Buna-X’  rubber 
presented  iu  Figure  5  A. 

An  absorption  band  at  4  48  microns,  character¬ 
istic  of  a  nitrile  linktgc,  present  in  Buna-X'  poly¬ 
mers  containing  approximately  19.  27.5  and  35 
percent  acrylonitrile  was  used  to  construct  a  work¬ 
ing  curve  to  determine  the  percentage  acryloni¬ 
trile  in  acrylonitrile  butadiene  co-polymers.  The 
absorbance  values  lor  the  4. 48  micron  Idend  com¬ 
puted  by  the  base-line  technique,  together  with 
the  known  percentage  range  of  acrylonitrile  in 
the  Buna-X'  elastomers  used  in  this  determina¬ 
tion  are  shown  in  Table  II.  A  plot  of  the  absorb¬ 
ance  at  4.48  microns  versus  acrylonitrile  content 
of  Buna-N'  elastomers  is  shown  in  Figure  9. 


Table  ll.~  Abnrbante  ratioe  and  percents  net  of  the  me  rpla- 
nitrile  eonelituent  in  butadiene-merptonitnle  co-pmlpmere 


1 

Sample 

No. 

1 

Type  of  rl*»- 
lomer 

Uarun  i 

of 

acrylo¬ 

nitrile 

given 

(|»rtent) 

Aver- 

•fr 

pert*  .1 
of 

acrjr^>- 
nitii  •  | 

AbaorS- 
;  ance  of 
4.48 
micron 
band 

*  ...  - 

Paracril  18 _ 

18-30 

IV 

O  259 

•» 

Paracril  26 _ 

:  25-29 

27.  5 

0  437 

3 . 

Peracril  35 _ 

35 

35 

0  8’0 
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favorably  with  that  of  existing  methods  for  the 
quantitative  analysis  of  polymers.  Its  advantage 
lies  in  its  application  to  systems  which  cannot  be 
handled  by  existing  methods  and  in  its  speed  and 
convenience  in  determining  seiniquantitative  re¬ 
sults  which  are  often  sufficient  for  the  use  of  rubber 
compounders. 

Section  2. 

SEMIQUANTITATIVE  DETERMINA¬ 
TION  OF  THE  NONCOMBUSTIBLE 
MATERIALS  IN  BUNA  N-PHENOLIC 
RESIN  BLENDS 


2.7  to  3.9  percent.  The  average  value  of  the 
differences  in  the  measured  and  calculated  ash 
content  was  3.2  percent.  Although  the  results 
were  somewhat  high  in  each  case,  the  eonoiatency 
of  the  values  permits  the  use  of  a  factor  so  that  a 
semiquantitative  estimation  of  the  nom  ombusti- 
ble  material  in  the  rubber  can  be  adequately  made. 
Although  the  technique  does  not  compare  favor¬ 
ably  with  existing  methods  of  analyzing  non¬ 
combustible  materials  in  cured  and  compounded 
elastomers  quantitatively,  its  advantage  lies  in 
the  speed  and  convenience  of  determining  the 
residue  simultaneously  with  polymer  blends  or 
co-polymer  ratios. 


A  quantitative  analysis  of  the  noncombustible 
material  was  conducted  on  several  of  the  phenolic 
blended  Buna-N  rubber  samples  to  establish  the 
possibility  of  determining  the  ash  content  along 
with  the  elastomer.  In  the  samples  analyzed  the 
residue  remaining  in  the  combustion  tube  was 
transferred  to  a  containe.  and  weighed.  Inasmuch 
as  the  residue  of  the  carbon  black  and  inorganic 
materials  retained  the  shape  of  the  original  rubber 
sample,  it  was  easily  removed  by  gently  tapping 
the  combustion  tube.  The  results  of  these  anal¬ 
yses  are  shown  in  Table  III. 


Tails  HI  -  RtnU*  of  On  aao lyn*  of  tk*  rrndu*  in  fluaa- 
N  plunolic  mi a  bind* 


Sample  No. 

Calcu¬ 
lated  wt. 
percent 
residue 

Wt.  per¬ 
cent  reei- 
due  found 

Difference 

+ 

1.  -47 . 

40.9 

43.9 

80 

2.  -88 .  - 

400 

43.  6 

86 

3.  . 

3d  1 

41.  0 

89 

4.  -49 . 

38.  1 

40  8 

2.  7 

5  -XL . 

33.8 

37.  1 

8  3 

a  -xl  . 

33.8 

37.  7 

8  9 

(38  6) 

41.  > 

%  Rteldut  - 


Wt.  of  tUaklueXlOO 
Wt,  of  AubbrrDample  ' 


The  weight  percent  of  the  noncombustible 
leeidue  found  in  each  determination  was  some¬ 
what  higher  than  the  calculated  values.  This 
was  expected,  inasmuch  as  a  small  amount  of 
charring  occurred  in  the  combustion  lube,  partic¬ 
ularly  at  the  ground  glsaa  connection!,  during 
pyrolysis  of  the  sample.  Of  the  six  Buna-N 
phenolic  renin  biends  determined  the  deviation  in 
the  differences  of  the  calculated  and  measured 
percentages  of  non  omtuaUble  ash  ranged  from 


Section  3. 


CONCLUSIONS 

A  semiquantitative  method  of  dtlermining 
polymeric  blends  and  co-polymer  ratios  in  elia to¬ 
rn  ere  by  the  mfrared  spectra  of  their  pyrolyzates 
has  been  established.  The  applicability  of  the 
technique  was  established  through  the  analysis  of 
blends  of  phenolic  resins  in  Buna-N  rubber,  and 
by  determining  the  percentage  acrylonitrile  in 
butadiene  acrylonitrile  co-polymers. 

Although  no  exhaustive  study  was  made  to 
evaluate  the  accuracy  of  the  quantitative  results, 
the  senttering  of  points  on  the  working  curve  for 
Buna-N  phenolic  reain  blends  indicates  that  the 
phenolic  reain  content  can  be  estimated  within 
±2  percent  within  the  0-33  percent  range  in¬ 
vestigated.  The  calibration  curve  for  the  deter¬ 
mination  of  acrylonitrile  in  butadiene  co-polymers 
appears  at  leaat  adequate  for  the  differentiation 
of  commercial  Buna-N  co-polymers  of  varying 
nitrile  content. 

A  semiquantitative  method  of  determining  the 
non  combustible  materials  in  Buna-N  rubber 
simultaneously  with  tho  phenolic  blends  and  co¬ 
polymer  ratios  was  also  perfected.  By  using  a 
factor  the  total  noncotnbuslible  material  can  be 
estimated  within  ±5  percent 

( ’onducting  the  pyrolysis  under  reduced  pressure 
and  with  controlled  temperature*  give*  •  more 
reproducible  pyrolvaate,  with  leas  cht-mng  than 
those  prepared  at  atmospheric  conditions  using  a 
Bunsen  b-  ner.  The  technique  used  h»  re  partially 
aeparat  \e  phenolic  reain  from  the  Buoa-N 
rubber  •«  itting  a  more  effective  identification 
of  the  ...v.ividucl  coralitutenta  in  the  elastomer 
The  technique  isolate*  the  inorganic  materials 
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.rom  rubber  in  a  form  particularly  suitable  for 
spectrographic  and  X-ray  analysis. 
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APPENDIX  I 

Advantages  of  Preparing  Pyrolysis  Products 
l  nder  (Controlled  ( Conditions  for  Qualita¬ 
tive  Analysis 

The  technique  of  preparing  pyrolyzates  under 
controlled  conditions  is  important  in  the  qualita¬ 
tive  analysis  of  commercial  mixtures  and  polvmer 
blends  because  the  organic  materials,  are  removed 


front  the  noncombustible  residue,  and  in  many 
instances,  partially  separated  into  individual 
constituents.  The  technique,  therefore,  allows 
the  identification  of  the  organic  constituents 
present  in  the  mixture.  Pyrolyzates  of  Buna 
X  phenolic  re«in  blends  collecting  in  the  dry  ice- 
trap  were  found  to  be  richer  in  phenolic  resin 
content  than  those  collecting  in  other  regions 
of  the  combustion  assembly,  making  it  possible 
to  identify  both  the  polymer  blend  and  the  base- 
elastomer.  Other  commercial  mixtures  such  as 
lacquers,  paints,  adhesives,  etc.,  containing,  in 
addition  to  carbon  black  and  inorganic  fillers, 
a  variety  of  organic  constituents  might  be  suffi¬ 
ciently  separated  to  allow  their  identification  ir 
one  operation.  I’ nder  conditions  of  reduced 
pressure  and  lower  temperature  a  more  repro¬ 
ducible  pyrolyzate  with  lesa  cracking  or  breaking 
down  of  the  polymers  into  lower  molecular  weight 
components  appears  possible.  Although  more 
time  is  required  to  prepare  the  pyrolyzates  under 
controlled  conditions  the  partial  separation  of 
the  organic  materials  with  less  charring  makes 
this  technique  attractive  from  a  qualitative  aspect 
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Ail  Electrical  Conductance  Test  Method 
For  Measuring  Corrosion 


D.  ROLLER 


PI’ R  POSE 

To  investigate  a  sensitive  lost  method  for  d  •tcr- 
miiiiitg  tin*  rate  mid  amount  of  cnriosion  of  a 
metal  specimen  by  measuring  tlit>  corroding 
specimen's  change  in  electrical  conductance. 

FACTI-’AL  DATA 

1.  Theoretically,  the  amount  hihI  rate  of  cor 
rosion  of  a  metal  ean  he  determined  by  measuring 
the  elinnge  in  electrical  conductance  of  the  cor¬ 
roding  specimen.  Since  tin  electric*',  conduct¬ 
ance  of  a  metal  depends  on  its  cross-sectional 
area,  a  decrease  in  thickness  or  cross  sectional 
area  of  a  specimen  due  to  corroeiuu  may  he 
evaluated  from  the  corresponding  decrease  in 
conductance.  Measuring  the  rate  of  corrosion 
of  a  metal  specimen  by  measuring  the  rhange  in 
electrical  conductance  lias  many  advantages  over 
older,  more  conventional,  methods  aurli  as  weight 
loss,  gasometnc,  or  visual  means  A  discussion 
of  the  theoretical  aspects  of  the  method  is  found 
in  Appendix  I.  Section  1  Appendix  I.  Svtion  2 
discusses  the  numerous  advantages  and  the 
limits  of  applicability  of  the  electrical  conductance 
method  in  comparison  with  other,  unvrr  ooiivrn- 
t *on*l.  methods. 

2  Essentially  this  method  depends  on  passing 
a  known  amount  of  current  through  a  metal 
ipecimen.  ittcaaunng  the  voltage  *lrop  ncroa*  the 
»peeimeti.  and  then  calculating  the  ro.>durlanrc. 
The  ncceaaarv  manual  or  automatic  rts-onlmg 
rsjtopinent  for  making  t.'irse  measurement*  is 
draehbed  tr.  Appendix  I! 

3  Thin  ribbon  sjecimens  in  which  (he  width  u 
proportionately  •cry  much  larger  than  tluckneaa 

•1*1  no  u — < 


have  been  found  most  convenient  because  of  their 
greater  sensitivity  and  ease  of  mathematical  cal¬ 
culation.  Other  possible  types  of  specimens 
could  be  made  from  long  metal  wires  or  by  use  of 
metal  deposition  techniques.  Metal  specimens 
can  be  placed  in  almost  any  environment,  ei'lier 
in  a  laboratory  or  under  actual  field  conditions. 
The  necessary  electrical  measurements  could  be 
made  without  moving  the  specimens  by  use  of 
either  manual  or  automatic  recording  equipment. 
Appendix  III  describes  the  use  of  various  metal 
specimens  ami  corrosive  environments  possible 
with  this  method. 

4.  The  method  of  making  measurements,  either 
manually  or  with  automatic  recording  equipment 
was  not  difficult  hut  the  amount  of  raw  data  gen¬ 
erated  was  large.  To  make  reliable  conclusions, 
proper  terhniques  of  experimental  design  were 
necessarily  combined  with  appropriate  statistical 
methods  for  evaluating  test  results.  Techniques 
of  experimental  design  and  the  methods  of 
analysing  experimental  data  used  are  shown  in 
Appendix  IV  ami  V. 

3.  To  determine  with  what  accuracy  and  pre¬ 
cision  rorrosion  rates  rould  be  measured,  pure 
mscti  -sium  ribbon  specimens  were  placed  in  va*i- 
ous  -orro.  ■  e  environments  These  tests  showed 
that  reproducible  results  could  be  obtained  which 
agreed  well  with  theory  and  with  results  available 
by  other  techniques.  T^ese  tests  are  drccrib  d 
in  Appendix  V. 

6.  Further  test  programs  have  been  initialed  u 
aid  other  resesrrh  1  development  investiga¬ 
tions.  These  prog  include  development  of 
suitable  inhibitors  t  inung  nitric  arid,  develop- 
OlfOl  vet  new  surface  treatment*  for  magnesium 

T3 


alloys,  and  determining  the  effect  of  humidity  on 
the  corrosion  rate  of  metals.  These  future  pro¬ 
grams  are  discussed  in  Appendix  VI,  Sections  1, 
2,  and  3. 

7.  A  literature  survey  indicated  that  previously 
a  number  of  investigators  huve  used  this  principle 
for  the  solution  of  special  problems  in  corrosion 
research.  App  ndix  VII  contains  a  bibliography 
of  technical  articles  describing  previous  investiga¬ 
tions  in  which  corrosion  rate  studios  were  made  by 
observing  the  change  in  electrical  conductance  of 
the  specimen. 


CONCLUSIONS 

1.  Both  theoretically  and  in  practice,  measuring 
the  rate  of  uniform  corrosion  of  a  metal  specimen 
by  measuring  the  change  in  conductance  of  the 
specimen  will  give  results  of  practical  significance. 
The  primary  advantages  of  this  method  over  older, 
more  conventional,  methods  of  measuring  corro¬ 
sion  are  numerous.  When  measurements  are  made 
specimen  cleaning  is  unnecessary;  it  can  be  used 
in  any  corrosive  environment ;  and  measurements 
are  simple,  rapid,  and  precise  when  corrosion  is 
generally  uniform.  The  method  is  particularly 
adaptable  to  classifying  similar  media  or  metals 
according  to  their  relative  corrosivities  or  corrosion 
resistance. 

2.  Statistical  analysis  of  initial  tests  as  described 
in  Appendix  V  showed  that  results  obtained  by 
this  method  were  comparable  to  resulta  obtained 
by  other,  more  conventional,  corrosion  methods. 
The  equipment  used  in  those  testa  can  accurately 
measure  the  liange  in  conductance  of  the  metal 
specimens. 

RECOMMENDATIONS 

The  Materials  Laboratory,  Directorate  of  Re¬ 
search  (WORTH-.!),  will  make  further  study  of 
the  appliration  of  this  method  to  measuring  cor¬ 
rosion  rates  aa  outlined  in  Appendix  VI. 


as  shown  below  where  O=(  ’ond  uctance;  L,  ,nd  .1 
are  the 


metal’s  length  und  cross  sectional  area  respectively; 
and  p  is  the  resistivity,  a  constant  dependent  only 
on  the  metal  and  temperature.  For  simplicity  of 
calculation,  a  metal  specimen  is  used  such  that  its 
length  is  very  much  greater  than  its  width  or 
thickness,  i.e.,  a  ribbon.  At  any  fixed  tempera¬ 
ture  and  using  a  ribbon  specimen  (assuming  length 
to  be  constant) 


C  i 

-T=-7=Con8tant 

Si  fiJj 


(2) 


Differentiating  this  equation  with  respect  to  time 
(I)  gives  the  following  equation 


('JA  AdC 
ilt  dt 
A ' 


=0 


(3) 


which  when  rearranged  shows  the  relationship 
between  the  change  in  cross-sectional  area  with 
time  as  a  function  of  change  in  conductance  with 
time 


dA.  A_d£ 
dt-C  dt 


(4) 


It  should  be  noted  that  the  ratio  of  (A/C)  is  a 
constant  and  does  not  vary  with  time.  For  a 
metal  specimen  in  the  form  of  a  long  ribbon, 
dA/dt,  the  reduction  in  croea-aectional  area  with 
lime  is,  by  definition,  the  rate  of  corrouiou  of  the 
metal.  On  integration,  Equation  4  ahowa  that  a 
straight  line  relationship  should  exist  between  log 
conductance  and  log  area.  The  deirease  in  eroes- 
aeetional  area  by  tomaion 

Decrease  in  area—  ,, — *XAo  tin  inehea)*  (5) 
c  o 


APPENDIX  I 

Section  1. 

The  electrical  conductance  method  for  measur¬ 
ing  the  amount  and  rate  of  corroaion  of  a  metal 
utilises  the  fact  that  metals  and  alloya  have,  in 
general,  much  higher  specific  electrical  conduct¬ 
ance  than  their  corroaion  product#.  The  electoral 
conductance  of  any  metal  or  alloy,  at  any  Used 
temperature,  is  a  function  of  it*  three  dimensions 


The  relationships  determine*!  above  can  be  ueed 
to  measure  the  deervaae  in  uniform  thickneaa  by 
corrosion  by  assuming  the  ribbon  width  to  be 
constant  Br  similar  calculations  it  is  also  pos¬ 
sible  to  relate  aright  lose  and  change  in  conduct¬ 
ance  of  r.  corroding  metal  specimen  The  specimen 
weight  is  prop1'''  onel  to  its  dimensions  share  L, 

Weigt  Density)  <(L  \  M’x  7*)  (6) 

VV.  and  T  are  the  specimen's  three  dimensions  and 
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D  is  the  metal’s  density,  a  constant  depending 
only  on  the  metal  and  its  temperature. 

Solving  for  the  area  -1,  substituting  in  Equa¬ 
tion  1.,  and  canceling, 

Wil^ht  =A  (7) 

where  K=  in  appropriate  units.  I'sing 

the  same  techniques  as  before,  it  can  be  shown 
that  the  change  m  conductance  has  a  similar 
relationship  to  the  change  in  weight  ns  to  the 
change  in  thickness  or  cross  sectional  area.  The 
use  of  conductance,  the  reciprocal  of  resistance, 
has  provided  an  exact  relationship  between  rate 
of  corrosion  ami  change  in  conductance  with 
time,  Pl«ttr<l  graphically,  the  change  in  conduct¬ 
ance  of  a  metal  specimen  is  directly  proportional 
to  its  change  in  thickness  and  its  change  in  weight, 
where  as  resistance  change  is  not.  If  resistance 
is  used  in  deriving  these  equations  it  is  necessary 
to  assume  that  the  initial  resistance  and  thickness 
are  equal  to  the  resistance  and  thickness  over 
the  time  interval  in  which  measurements  arc 
made,  that  is.  that 

R.ztR,  and  T.otT,  <S> 

and  this  is  only  an  approximation,  true  up  to 
about  a  20  percent  cliangr  in  mustance 

If  wire  specimens  were  used  in  place  of  nbbcm 
specimens,  the  theoretical  equetwi*  relating  cor¬ 
rosion  and  conductance  change  would  be  similar 
A  problem  with  writ*  specimens  is  providing  for 
“potential”  and  "current"  leads  without  intro¬ 
ducing  uncontrollable  errors  due  to  beat  treating 
or  cold  working  of  the  metsl  at  the  junction 
points.  Appendix  III  is  s  more  detailed  discus¬ 
sion  on  metal  specimens  as  used  in  the  eJectnral 
conductance  method. 

Section  2. 

There  are  a  number  of  method*  for  detemumng 
the  amount  or  rate  of  corrosion  of  s  metal,  esch 
method  having  its  own  particular  advantages  and 
limitation*  The  major  methods,  including  cer¬ 
tain  qualitative  rid*,  are:  visual  observations.  loa> 
or  gain  in  weight,  gas  evolution  or  absorption, 
changes  in  phyet-s!  properties  (such  as  trnsde 
strength  i.  optical  method*,  and  electrical  mees- 
lifrfT.ent*  ttorh  as  dee! comet nc.  electrochemical, 
and  electrical  rond  retaner  method*1 


Because  the  reaction  mechanisms  associated 
with  corrosion  are  complex  and  because  of  the 
diverse  cnvitonmental  conditions  that  may  be 
met,  there  are  many  inter-related  factors  of 
importance  in  determining  the  reproducibility 
ami  accuracy  of  experimentally  determined  cor¬ 
rosion  rates.  In  general,  these  factors  involve 
the  metal  surface,  the  corrosive  environment, 
and  the  method  of  measuring  conorion.  The 
best  method  is  the  one  which  eliminates  or  reduces 
random  and  uncontrollable  errors. 

The  electrical  conductance  method  has  manv 
advantages  over  other  methods  used  for  deter¬ 
mining  uniform  corrosion  rates.  Essentially,  it 
eliminates  the  need  to  clean  or  handle  the  the  cot  ■ 
roding  specimen  prior  to  measuring  the  amount  of 
corrosion,  thus  reducing  a  major  source  of  error. 

Electrical  conductance  measurements  are  anal¬ 
ogous  to  "electrical  weighing”,  that  is,  they  are 
sensitive  only  to  the  amount  of  metal  which 
mains  uncorroded.  The  electrical  conductance 
of  the  metal  specimen  is  unaffected  in  most  cases 
by  scale,  dirt,  or  other  corrosion  products.  Thus, 
the  sample  could  he  placed  in  almost  any  corrosive 
environment,  either  in  the  laboratory  or  und  r 
service  conditions,  and  one  need  only  measure  the 
change  in  electrical  conductance  with  time  to  de¬ 
termine  the  corrosion  rate.  The  method  m  easily 
adopted  to  produce  ■  highly  sensitive,  continuous 
record  of  the  progress  of  corruaion  of  a  meliu 
specimen  in  situ.  It  is  particularly  adaptable  ,o 
measuring  very  low  corrosion  rate*  where  ren  ,>vsl 
of  corruaion  product*  might  introduce  error  1  he 
electrical  measurements  are  simple,  rapid,  and 
precise,  they  require  no  apparatus)  not  rdinarily 
available. 

The  method  it  beat  applied  where  the  corrosion 
is  reasonably  uniform  and  free  of  an  enewuve 
number  of  large  pita.  This  a  also  true  of  other 
methods,  tueh  as  weight  last,  which  quantitatively 
measure  corrosion  rate*  1/  the  n>ecu~ien  cor¬ 
ral  es  fairly  uniformly,  the  »*p*o*4i>cihility  is.  in 
genera),  much  better  than  if  the  attack  occurs 
only  cl  a  ft  ^  diarrete  points 

A*  with  data  from  am  laboratory  teat,  encmid- 
rrabie  caution  must  be  exerriard  in  interpreting 
result*  in  terms  of  service  performance  There  .» 
rjch  a  wide  variance  in  the  behavior  of  metals  in 
different  types  of  environment*  that  no  one  * 
even  several  *  re  flees  vhofu  uiry  lest*  can  pos¬ 

sibly  be  strictly  »nt-  ted  n  terms  of  actusl 
service  of  such  male* 
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APPENDIX  II 


Measurement#  umI  to  determine  the  change  in 
electrical  conductance  of  n  specimen  consist  of 
passing  a  known  amount  of  current  through  the 
metal,  measuring  the  voltage  ilrop  across  th  • 
specimen,  ami  calculating  the  conductance  using 
Ohm’s  law.  ’•  te  measuring  -ircuits  required  no 
apparatus  not  ordinarily  available  in  the  labora¬ 
tory.  The  primary  parts  of  the  cirrutts  consisted 
of  a  potentiometer,  a  current  source,  variable  and 
standard  icsistors,  a  constant  temperature  hath, 
ami  such  electrical  components  as  switches, 
ammeters,  and  junction  Imards.  Figure  1  is  a 
general  pictorial  diagram  of  thr  measuring  cir¬ 
cuits;  Figure  2  is  a  schematic  drawing  of  the  actual 
manual  circuits  used  in  this  investigation;  and 
Figure  3  is  a  schematic  drawing  of  a  continuously 
recording  electrical  circuit.  Figures  4.  5,  6,  and 
7  rrc  pictures  of  the  equipment  and  specimens 
used  in  this  initial  investigation 
Current  was  supplied  by  a  6  volt,  3  cell,  acid 
storage  battery  which  appeared  to  be  a  fairly 
stablr  current  source.  The  amount  of  current  is 
determined  by  using  a  1.00  ohm  standard  resistor, 
immersed  in  oil,  and  measuring  thr  voltage  drop 
using  the  potentiometer  Tin-  current  was  then 
directly  equivalent  to  the  voltage  drop.  Since  the 
amove  I  of  current  pV3  to  O  f-  r.mpa)  was  small, 
the  batten  did  not  need  frequent  rr*-liargmg. 
however  a  Separate  recharging  circuit  Was  cou- 
.. cried  to  the  batteiy  by  means  of  switches  If  a 
high  grade  electronic  DC  voltage  sourer  is  avail¬ 
able,  a  large  constant  resistor  may  be  placed  in 
senes  wi'h  ’.he  specimen*.  This  would  provide  a 
fairly  stablr  runvnt  sourer,  independent  of 
changes  in  resistance  of  the  specimen  The 
current  from  the  battery  was  adjusted  by  use  of 
a  variable  carbon  pdr  resistor  For  continuous 
measurements  a  metal  specimen  in  a  noncorroding 
III  ha  I>urb  a*  bnuriiri  was  placed  m  the  thermo- 
slaticalli  regulated  bath  and  used  aa  a  standard 
resistor  In  this  manner,  any  fluctuation  in 
temperature  or  ruitml  ruwld  «e  compensate*!  for 


when  calculations  were  made. 

To  reduce  the  possibility  of  electrically  beating 
the  metal  specimen,  thr  current  used  was  usually 
less  than  0  XS  »m peer*  This  electrical  heating 
effect  is  the  beat  in  eakoeves  developed  in  a  circuit 
bv  an  electric  current  of  /  amprres  flowing  through 
ii  resilience  of  K  obrns  foe  i  time.  f.  sreonds. 
elated  as  shown  below 


Ural  tin  calcnesi  — 
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a  SToasCC 
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C.  v* si  -.*11  arsisroa 
t  serCiWfK 
*.  rmaaosTii 

fill  as  I  t'lelonal  diagram  ol  electrical  circuits 


Tlir  temperature  rise,  AT  which  occurs  in  the 
metal  specimen  when  electrically  heated  is  rqnal 
to  thr  heat  in  raktrin*  divided  by  thr  maaa  of  the 
s;  -ecimm  in,  m,  grams  time*  thr  specific  heat  of 
thr  specimen,  s.  or  more  properly,  the  thermal 
rapacity  of  thr  specimen.  This  relationship 
Ik- tween  temperature  nsr.  current,  and  lime  is 
*h  >«rn  below 


AT- 


KPT 

(*  l!t)*m 


Tucorrtical  calculation*  show  that  ordinarily 
temperature  change*  no  greater  than  0  35'  ( " 
shculd  occur  from  rlrvtriral  healing  effects  dll  mg 
the  few  seconds  needed  to  lake  a  reading  Store 
most  metal*  have  a  small  nwstsnr*  change  per 
degree  cmtigTmlr.  the  effect  of  electrical  healing 
of  the  specimen  should  I*  small  To  further 
reduce  this  source  of  error,  during  wch  test, 
specimen*  are  placed  in  a  targe  constant  tempera¬ 
ture  bath 

A  I  irad*  at  arlhrup  <  'em  pane  K  -2  potenli 
one ter  was  •  to  measure  the  voltage  drop 
arrows  the  >ltu<«ni  rests* or  or  the  metal  specimen 
This  very  asuitiv*  instrument  ran  mewaure  with 
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srreat  accuracy  j»!« ttais  up  to  I  «  volts  \  sensi¬ 
tive  external  £alvai  ottirlrr  uas  used  lo  adjust 
and  tuhtkf  the  polftilnnirlrr  cirvuit  A  pW»n- 
I tome! rv  circuit  «u  itml  lo  mlikr  mv  error 
uMritlol  atth  circuit  contact  rows'  alter  point* 
By  Kivm;  wtunlr  riuml  'mi  "potential  '  Inufa 
on  i  specimen  ami  mrasunn;  Inlti  the  rurrrni  and 
voltage  drop  artw  thr  '|wmifn.  the  rffn-l  oi  any 
resistance  in  thr  circuit  other  than  tprrmint  roust- 
aotr  arms  removed 

Two  constant  temperature  balks  acre  found 
useful  The  larrr  hath  Is  inrSo  by  U>  inches 
mode  rwkl  ho.d  ’*  specimen*  cl  me  lunr  ari 
could  be  mnvmimttv  used  foe  long  I mn  tests  •*. 
conjunction  atth  the  aulontaltr  recording  equip¬ 
ment  fjqutppcd  aith  i^tilon  heating  elen-.mts 
end  thermo- regulators  it  a  as  «  a  paW-  of  *tta.;mg 
lean  per  a  lure  up  to  10tT  ('  aith  a  temperature 
control  of  la'lrr  than  *0  13'  1'  For  manual 
operation,  spec  uncut  rooici  W  plarect  is  aperimen 
holder*  attar  bed  to  short  lead*  ahirh  acre 
mos  nted  permanently  to  terminal  board*  and  con 
nr  ltd  by  reWe  to  a  »aitrh  ho\  Thus,  by  proper 
r»  itrhuig  it  a a>  poaaibb  to  measure  the  decimal 
rondurtanrr  ot  any  *p*c wim  in  thr  Urge  hath 
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I  n.i  a*  1  HWccr  .-ai  circuits  automatic  rquipnsrn- 

A  small  round  d*<>*  tar.  I’.’  inches  :n  diameter, 
a  as  uses!  foe  special  trst*  Thr  bath  could  attain 
temperatures  of  |ni);  and  by  using  a  sensitive 
hcmrlalh-  thcttnocegulaior  temperature  rontrol  ol 
•  r.  It |  ■  t  could  be  attained  Seven  specimens 
ro<Ud  1st  placed  in  the  bath  at  iw.ee  measurements 
bring  made  manually  Normally,  thr  hath  a  as 
used  thn  therematve  media  a  a*  rood  Ur  live  and 
elec  Ira- a)  measurement*  had  to  he  made  by  plat  ms 
thr  specimen*  tn  a  ncea  ami ur tin;  media 

'self  contained  fuHv  automatic  rWtnraJ  record  - 
ms  equipment  ha*  been  drained  and  installed  to 
measure  the  change  tn  voltage  drop  of  specimens 
in  them  particular  corrosive  environment  A 
Minnr.pobs-Ifanryarfl  12  point  automatic  rv»-' ed¬ 
its  ;  pot  mi  -metre  a  as  used  It  ha*  a  ran  ST  o  H> 
lo  .11  millivolts  aith  a  » 'nativity  of  0  lo  miBivults 
T'rC  instrument  tnree  Urrd  the  dec  t  rv  a)  resist  cure 
at  laetTr  metal  Specimen*  consecutively  'A# 
mould  toclvsda  arc  real  specimens  in  bmren*  been- 
used  a*  standard  reaistor*  V  i wm;  circuit  tic 
dn doped  lo  inerca*  tevibdily  of  the  *q  jtp- 

•nmt  Foe  evample  recorder  could  be  ad¬ 

justed  lo  measure  Ih  lentta!  across  each  of  the 
I  a  rive  specimen*,  sequentially,  three  time*,  then  I 
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shuts  off  for  a  period  adjustable  up  to  two  hours 
before  repeating  the  operation.  By  using  a  suit¬ 
able  can.  mechanism,  the  instrument  always 
stopped  and  started  at  the  sume  recording  index. 
The  length  of  time  during  und  between  each  oner- 
ation  could  be  accurately  calculated.  A  battery 
similar  to  that  used  with  the  manual  equipment 
was  used  as  a  current  source.  An  ammeter  and 
variable  carbon  pile  resistor  were  used  to  adjust 
qualitatively  the  current.  For  mobility,  the 
recorder  and  supplementary  equipment  were 
mounted  on  wheels  in  a  melul  frame.  Nine  foot 
electrical  leads  were  provided  for  each  specimen, 
all  twelve  specimens  being  connected  in  series. 
Small  alligator  damps  at  the  end  of  each  lead 


could  be  conveniently  attached  to  the  current  and 
notential  leads  of  a  specimen. 

APPENDIX  HI 

Theoretically,  specimens  of  any  dimension  for 
which  electrical  conductance  measurements  can 
he  made  could  be  satisfactorily  used  with  this 
method.  It  was  convenient  to  use  metal  specimens 
in  the  form  of  long  ribbons  in  which  thickness  was 
proportionately  very  much  smaller  than  width. 
This  was  done  to  achieve  increased  sensi'ivity  and 
simplicity  of  mathematical  calculation.  The  lim¬ 
its  of  application  of  this  method  arose  mostly 
from  the  use  of  these  thin  specimens,  which  were 
preferably  less  than  0.020  inch  thick. 

Most  metals  and  alloys  may  be  obtained  com¬ 
mercially  as  thin  ribbon,  sheet,  or  foil,  however, 
the  cost  of  obtaining  some  metal  alloys  in  such 
for::;  may  be  prohibitive.  Cast  metal  specimens 
could  not  be  used  and  the  very  nature  of  the  speci¬ 
mens  made  them  somewhat  fragile  and  easily  bent. 
There  is  ids.,  the  chance  of  introducing  uneon- 
t tollable  errors  from  the  hot  or  cold  rolling,  bend¬ 
ing,  and  cutting  of  the  specimens. 

Typical  corrosion  specimens  used  for  the  elec¬ 
trical  resistance  method  are  shown  in  Appendix 
II,  Figure  7.  The  specimens  were  approximately 
)  5-inch  by  inch  strips  with  a  thicknes:  between 
0.005  and  0.015  inch.  Slits  or  “tails”  of  approxi¬ 
mately  4  inches  from  either  end  served  as  ‘‘po¬ 
tential’’  and  “current”  leads.  By  using  separate 
“current”  and  “potential”  leads,  the  effect  of  elec¬ 
trical  resistance  at  the  specimen  contact  points 
was  removed.  Furthermore  the  enact  dimensions 
of  the  specimens  could  be  measured.  The  actual 
specimen  length  was  from  the  point  of  one  juncture 
(formed  by  the  meeting  of  one  set  of  leads)  io  the 
other,  t  herefore  when  duplicate  specimens  were 
used,  the  resolution  of  the  method  was  limited 
only  by  the  reproducibility  of  the  electrical  read¬ 
ings. 

The  width  and  length  of  the  specimens  can  vary 
over  >i  wide  range  hut  the  conductance  must  be  of 
a.t  order  of  magnitude  which  can  he  precisely 
nrusured.  Specimens  should  be  cut  either  with  a 
jig,  scissors,  or  a  sharp  knife.  It  was  found  best 
to  have  a  jig  which  permitted  cutting  many  identi¬ 
cal  specimens.  This  uniformity  between  speci¬ 
mens  facilitate'1  •  electrical  measurements  and 
mathematical  t  arisons  made  between  testa. 
To  further  insi  iniformity,  surface  cleaning  of 
each  specimen  prior  to  testing  was  accomplished 
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by  using  a  chemical  cleaning  or  pickling  treat  men*.  iner.ts  made  in  conductive  test  solutions.  A  cor- 

Abrasives  or  polishes  are  unnecessary  for  this  test  faction  can  be  made  for  the  conductivity  of  the 

method.  solution  cr  the  specimen  its  holder  can  be 

For  experiments  at  high  temperature,  it  would  placed  in  a  nonconducting  solution  (benzene), 

be  necessary  to  determine  whether  changes  in  con-  electrical  measurements  made,  and  the  sample 

ductance  might  have  resulted  from  the  effect  of  replaced  in  >ts  corrosive  environment,  proper 

heat  treatment  instead  of  from  the  reduction  in  allowance  being  made  for  time  in  the  calculations, 

specimen  thickness  due  to  corrosion.  Extraneous  Other  types  of  test  specimens  could  also  be  quite 
heat  treatment  effects  can  be  eliminated  by  making  useful  in  conjunction  with  this  method.  It  should 
corrections  from  the  results  of  a  test  run,  or  by  be  possible  to  use  small  diameter  wires  a.)  speci- 

eliminating  these  effects  by  annealing  the  speci-  mens  and  connect  “tails”  to  act  as  ‘potential”  and 

mens.  Where  test  temperature.)  are  near  room  “current"  lends.  The  u»e  of  metal  deposition  to 

temperature,  this  effect  can  he  usually  neglected.  furnish  ribbons  on  glass  or  plastic  is  also  possible. 

('orrosion  products  are  rarely  conductive  to  Such  specimens  should  be  highly  sensitive  to  small 

electricity;  however,  such  products  would  partially  amounts  of  corrosion  and  could  be  used  as  indi- 

compensatc  for  the  loss  in  conductance  of  the  cHtors  of  conosivc  env:*,'>nirents  such  as  tre 

specimen  due  to  corrosion.  In  suc  h  cases,  as  lound  in  closed  contain;  At  present,  the  use  of 

formation  of  some  sulfide  products,  it  is  likely  metal  deposition  techni'  ,  are  being  investigated 

chat  a  correction  factor  can  be  obtained  and  used  to  determine  whether  c..«.k  films  up  to  approxi- 

advai.tageously .  The  same  is  true  of  measure-  mately  50 ,('00  A°,  can  Le  evenly  distributed  in 
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suitable  form  on  a  glass  or  plastic  specimen.  Fn 
using  sucli  specimens,  however,  caution  must  be 
observed  in  interpreting  results  in  terms  of  field 
conditions. 

Specimens  could  be  placed  in  almost  anv  co~- 
rosive  enviiomnent  either  in  the  laboratory  or  in 
actual  field  conditions.  For  laboratory  accelerated 
corrosion  tests,  specimens  could  be  placed  in  salt 
spray  cabinets,  alternate  or  total  immersion  equip¬ 
ment,  humidity  cabineto,  or  other  similar  corrosive 
en  vironments.  For  field  tests,  samples  in  specimen 
holders  could  be  placed  in  any  environment  where 
corrosion  occurred.  Continuous  measurements  of 
the  sample’s  change  in  electrical  resistance  could 
cither  be  made  with  portable  equipment  in  the 
field  or  the  specimen  in  its  holder  could  be  taken  to 
the  laboratory,  measurements  made,  and  the 
specimen  returned  to  its  original  environment. 


APPENDIX  IV 

A  series  of  initial  tests  were  made  to  determine 
the  applicability  of  the  electrical  conductance 
method.  For  each  test  normally  four  measure¬ 
ments  of  current  and  voltage  were  made  alter¬ 
nately,  at  any  predetermined  time.  Over  long 
time  intervals  and  with  low  corrosion  rates,  large 
amounts  of  raw  data  were  generated.  From  this 
data,  calculations  were  made  to  determine  the 
amount  and  rate  of  corrosion  of  the  metal  speci¬ 
men  as  outlined  in  Appendix  I,  Section  1.  Be¬ 
cause  differences  between  metals,  treatments,  and 
corrosive  environment*  were  usually  smal ,  it  was 
necessary  to  resor  statistics  to  determine  if 
real  differences  ex'  •. 

The  data  from  tnrli  test  was  first  plotted  to 
determine  the  best  fitting  struighl  line.  Since 
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the  mechanisms  of  corrosion  ami  film  inhibition 
are  fundamentally  complex,  it  was  expected  that 
curves  of  the  form 

a.  Conductance=a+6  (Time) 

b.  Log  conductance = a +  6  (Time) 

c.  Log  conductance=a  !  b  (Log  time) 
where  “a"  is  tb  intercept,  “b"  is  the  slope  of  the 
line  and  both  are  calculated  constants,  would  be 
necessary  to  obtain  good  estimates  of  the  rate  of 
corrosion  ns  a  function  of  time.  Theoretical 
justification  for  using  relationships  of  this  type 
are  found  in  the  derivation  of  equations  in  Ap¬ 
pendix  I,  Section  1  and  from  a  knowledge  of 
reaction  kinetics.  Straight  line  relationships  were 
necessary  in  order  to  statistically  compare  corro¬ 
sion  rates  between  similar  tests. 

Regression  analysis  presented  a  unique  way  to 
determine  the  best  straight  line  function  to  fit  the 
experimental  data.  The  principal  of  Least 
Squares  was  used  to  determine  the  best  straight 
line  to  fit  the  data  with  an  estimate  of  the  varia¬ 
tion  of  the  data  from  the  line.  The  correlation 
constant,  r,  is  a  measure  of  the  variation  of  the 
data  from  the  regression  line  Assuming  positive 
slopes,  it  can  vary  from  zero  to  one,  where  one  is 
perfect  correlation.  By  determining  which  func¬ 
tion  of  conductance  versus  time  gave  the  best 
straight  line  with  the  least  variation  of  the  data 
from  the  line,  “6”,  the  slope  of  the  line,  the 
change  of  conductance  with  time  could  be  com¬ 
puted.  Assuming  similar  specimens  dimension¬ 
ally,  the  change  in  conductance  with  time  is  a 
direct  function  of  the  rate  of  corrosion.  The 
variation  of  the  slope  of  the  line,  due  to  the 
variation  of  the  data  from  the  line  can  be  esti¬ 
mated  by  its  variance,  s’*. 

Covariance  analysis  is  a  ramification  of  the 
analysis  of  variance  developed  by  Dr.  Fisher  and 
his  coworkere  in  the  1920’s.  Covariance  analysis 
is  rssentielly  the  comparison  of  the  variation 
between  tests  with  the  variance  within  the  tests. 
The  hypothesis  to  be  tested  is  that  the  slopes 
(“6”)  of  the  various  lines  are  actually  the  same 
and  that  the  differences  are  due  to  random  error. 
These  hypotheses  can  be  tested  statistically  and 
conclusions  drawn  irom  the  results  can  be  made 
with  a  certain  mathematical  probability.  This 
statistical  method  was  used  to  analyze  data 
obtained  by  the  electrical  conductance  method. 

Because  of  the  ease  with  which  tests  could  be 
made,  the  large  amounts  of  'ata  generated,  and 
the  number  of  calculations  needed  in  order  to 


draw  meaningful  conclusions,  the  use  of  punched 
carJ  techniques  and  electronic  digital  computers 
was  warranted.  Onto  each  card  was  punched  the 
raw  data,  and  by  proper  programing,  all  the 
statistical  calculations  could  be  made  by  the 
computers.  Errors  introduced  by  making  th  • 
computations  on  hand  calculators  were  thus 
eliminated. 

A  full  discussion  on  the  use  of  statistics  in 
interpreting  data  is  outside  the  scope  of  this 
technical  note.  Perusal  of  any  standard  text¬ 
book  on  statistics  such  as,  Statistical  Methods  by 
Snedecor,  Statistical  Methods  for  Research  Workers 
Dy  Fisher,  and  Experimental  Design  by  Cochran 
and  ('ox  is  suggested. 

APPENDIX  V 

Initial  tests  using  the  electrical  conductance 
method  were  made  using  pure  magnesium  ribbon 
as  specimens.  Test  objectives  were:  1,  to 
familiarize  personnel  with  the  equipment;  2, 
determine  performance  characteristics  of  the 
method;  3,  determine  variation  within  tests  and 
variations  between  tests;  and  4,  to  compare 
results  obtained  using  this  method  with  results 
obtained  from  similar  tests  using  other  methods. 
Careful  analysis  of  these  test  results  were  made 
using  procedures  outlined  in  Appendix  IV. 

Because  of  the  initial  difficulty  of  obtaining 
reproducible  metal  ribbon  specimens,  readily 
available  pure  magnesium  ribbon  was  used. 
Obtained  commercially  in  long  rolls,  the  0.125 
inch  wide  ribbon  could  be  easily  cut  into  suitable 
specimens  with  scissors.  A  spectrographic  analysis 
of  the  ribbon  is  shown  below. 

Mg  99.8% 

Fe  0.04% 

Mn  0.047% 

Traces  Si,  Ca,  Cu,  Sn,  Pb,  Ti,  Cd. 

Variations  within  the  metal  ribbon  appeared  to 
be  small  and  this  permitted  a  closer  estimate  of 
residual  error  within  a  test  and  between  duplicate 
tests.  Corrosion  rates  obtained  from  these  initial 
tests  were  not  strictly  comparable  to  other 
corrosion  tests  made  using  other  methods  due  to 
dissimilarity  between  specimens,  i.e.,  the  infre¬ 
quent  use  of  pure  magnesium  as  test  specimens. 

A  representative  data  sheet  containing  the  raw 
data  obtained  in  'r  M-l  is  shown  in  Figure  8. 
The  column  head*  P.  refers  to  the  reversing 

switch  positions  the  manual  circuit.  The 
column  headed  Volts,  S.R.  and  Samp,  refer  to  the 


SPECIMEN:  Pure  Magnesium  Ribbon,  18.0"  x  0.125" 
x  0.0005"  with  3"  Ix-siis. 

TREATMENTS:  l’rcc-leai.ed  for  10  w-nunN  in  an-tir 
nitrate  solution,  rinsed  in  distilled  water. 

TEST  CONDITIONS:  Total  Immersion  in  Anhydrous 
Benzene  at  25.0°  0. 

REMARKS:  Test  to  Determine  Precision  and  Repre- 
ducibilitv  of  Data. 

TEST  DATA 


Time  Temp 

s. 

Volts 

Volts 

Conduct.* 

Mins 

lire  c  (' 

i\ 

S.R. 

Samp 

mhos. 

0.  0 

0.  0  25.  0 

I 

.  20030 

.  008053 

23.  84  1 

1515 

Hrs  . ... 

•> 

.  20702 

.  1X18080 

23.  850 

14 

Mar 

i 

.  20742 

.  008077 

23.  90.5 

'55 

*> 

.  20700 

.  008098 

23.  878 

.  27029 

.  011350 

23.  871 

2 

.  27209 

.  01 1 408 

23.  851 

I 

.  27221 

.  011401 

23.  870 

•_> 

.  27220 

011394 

23.  890 

t><).  5  25.  0 

1 1 

.  33131 

.  013S90 

23.  853 

•  > 

.  33237 

.  013923 

23.  872 

1 

.  33280 

.  013938 

23.  877 

i 

•) 

33333 

.  013950 

23.  885 

1 

I 

.  34720 

.  014547 

23.  871 

•> 

.  34747 

.  014551 

23  880 

j 

1 

34783 

014550 

23.  890 

1 

2 

.  35995 

.  015082 

23.  860 

208  0  25.  0 

l 

.  30015 

.  015(  01 

23  913 

j 

•> 

.  30030 

.  015088 

23.  880 

1 

1 

.  30075 

015114 

23.  809 

| 

2 

34817 

.  014577 

23.  885 

1 

I 

.  34717 

.  014541 

23.  890 

1 

•> 

.  34813 

.  014574 

23.  887 

Standard  resistor:  Ohms 

Duplicate  test  No's:  M-2 
Comparison  test  No  s:  M-9.  M-10 
Intercept  of  curve:  23.874 
Slope  of  curve:  0.00 

SAUTLE  DA  .-A  SHEET  THOU  TEST  U  I 

•Conductance  (in  mhos)  = 

VoIts_S  R. 

Resistance  S.R.  (ohms)  XVolts  Samp 
P.Ul'HE  8 

voltage  readings  obtained  from  the  K-2  potentio'n- 
eter  when  current  is  passed  through  the  standard 
resistor  and  test  specimen  respectively.  Even 
though  results  of  some  tests  did  not  warrant 
statistical  analysis  due  to  small  fluctuations, 
statistics  was  used  primarily  for  familiarization  of 
personnel  and  as  a  check  on  technique,  both  of 
manual  and  machine  computations. 

To  insure  uniformity  between  specimens,  surface 
chaning  of  each  specimen  prior  to  testing  was 
accomplished  with  a  chemical  cleaning  treatment. 
This  consisted  ol  dipping  with  agitation  each  speci¬ 
men  in  a  20  percent  acetic  nitrate  solution  for  ten 
seconds,  hen  thoroughly  rinsing  with  distilled 
water.  Abrasives  and  polishes  were  not  used. 
The  specimen  was  weigiied  and  th«*n  rtndomly 
assigned  to  h  test  environment.  After  cad,  lest 
and  prior  to  final  weighing,  the  specimen  was 


dipped  in  a  boiling  20  percent  chromic  acid  plus  ! 
percent  silver  nitrate,  which  precipitates  any 
chlorides  present.  This  treatment  preferentially 
removed  any  corrosion  products  on  the  specimen. 
The  treatments  used  for  these  tests  with  pur-* 
magnesium  arr-  described  in  Military  Specification 
MIL-M-3171A;  Paragraphs  2  and  3.0.8.  Tin* 
solution  compositions  and  operation  used  were: 

Acetic  X Urate  Pickle 


(ilac  inl  ne<‘ti(a  acid  .  .  .  25'i  rt.  ox. 

Sodium  nitrate  .  . .  .  _ _ _ _ _  0*j  ox. 

Water  to  make  . I  gallon 

l  >|>eratimj  temperature . .  ...  70-s0°  K 

Immersion  time  .  .  .  Approx.  10  sec. 

(  hritmic  Acvt  Pickle 

Chromic  acid  . . .  24  ox. 

Silver  nitrate  .  .  . .  1.3  ox. 

Water  to  make  .  .  . .  . .  1  gallon 

<>|M‘ruting  temperature . 100-212°  F 

Immersion  time .  . ....  _ _ .  1-15  min*. 


Tests  M  l  and  M-2  were  made  to  show  the 
corrosion  rate  of  pure  magnesium  when  totally 
immersed  in  anhydrous  benzene  for  periods  up 
to  70(1  hours  (30  dux*).  Even  though  it  is  well 
known  that  anhydrous  benzene  will  not  corrode 
pure  magnesium,  it  was  desired  to  re-establish  this 
fact  using  this  sensitive  corrosion  test  as  well  as  to 
determine  the  variation  (or  random  error  within 
t  he  test ).  As  shown  in  Figure  8,  within  any  set  of 
readings  (up  to  twenty  of  current  and  voltage, 
made  at  any  one  time,  the  calculated  mean  con- 
dmtance  hud  a  standard  deviation  (s)  of  approxi¬ 
mately  20  micromhos.  For  periods  up  to  a 
month,  specimens  did  not  tarnish  or  corrode  at  all. 
Statistical  differences  between  sets  of  readings 
taken  during  the  test  were  no  greater  than  varia¬ 
tions  within  any  particular  set  of  readings.  Dif¬ 
ferences  between  sets  of  readings  appeared  to  be 
due  to  minor  fluctuations  in  the  temperature  of 
the  water  bath  and  residual  error  within  the 
equipment.  Results  of  thr^e  and  other  tests 
reported  in  this  Appendix  are  shown  in  Figure  9. 

Tests  M-3  and  M-4  were  made  to  determine 
the  effect  of  temperature  on  conductance.  Having 
determined  th  »  anhydrous  benzene  uoes  not  cor¬ 
rode  magnesium,  but  knowing  dial  small  changes 
in  temperature  did  affect  the  measurements,  it 
was  desirable  to  determine  conductance  as  a  func¬ 
tion  of  temperature.  Magnesium  specimens  were 
totally  immersed  in  benzene  and  conductance 
measurements  made  at  10°  intervals  up  to 
(•.I0  The  change  in  resi  -e,  the  reciprocal 
of  conductance,  as  a  fund  of  temperature  is 
shown  in  Figure  10. 
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Test  condition* 


Hcttrcssion  line  coefficients  1 


Test 

No. 

Totally 

immersed  in 

Temp. 

Tmul  •  i ii n’ 

M-l 

Anh.  Ih'iizcih* 

25°  < 

700  hours 

M-2 

Anh.  Hoiweiio 

27*  (■ 

7‘XI  In  mis 

M-3 

Anh.  1  nzem* 

Yuri  ibie 

M-4 

Anh.  benzene 

Ya.iabV 

M-5 

Arctic  Nitrate  So¬ 
lution. 

2.V  (‘ 

Art  ificiulh 
corroded. 

M-ti 

Approx,  fl.l 

N'KCI. 

50  C 

5.07  hours 

M-7 

Approx.  0.1 

NKCI. 

50s  C 

■1.77  hour* 

IVrrrnt 


e lull i»fe  i. 

conduct- 
ririvc- 
<  mhos) 

Ferment 
at.  loss 
^rms.) 

a 

lr 

r  * 

o  o 

0  0 

OllHt* 

0.0 

0.  !Hi 

0.  II 

o.  o 

li:t.Hi.i 

0.0 

0.  ‘Mi 

1 1  :»!I 

0.  0 

.o:i:tu:i 

I  .:o»5 

10-4 

0.  OH 

n  2:1 

II  o 

minors  . 

I :122 

•  10-4 

0.  OH 

70  00 

5i  o:t 

Sec  Kin.  It 

S**c  Fi 

•i.  1 1  A 

0.  00 

1*1  1 

12.  1 

A  f.'. 
.o:«r>7 

12. 
l  .0:10 

'  to-:t  i 

0.  00 

17  1 

10.  :t 

.o:««7 

1.711 

to-:) 

0.  05 

*  1‘siiiv:  method  of  (.east  Square*.  to  determine  the  ImM  fit t it»M  ivure^siim  line  of  resistance  versus  Time  or 

TemjH*rature  where  a  ”  is  tiie  intercept  ami  t>  i*»  the 

1  The  correlation  coefficient,  r,  is  a  measure  of  the  dis|MT-ion  of  the  data  from  the  calculated  line,  where  r  -  I.U  is 
perfect  correlation.  _ 
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It  was  noted  that  correlation  between  tests  was 
pood.  The  two  straight  line  relationships  were  dis¬ 
placed  (different  “a"  values,  or  y  intercept)  due 
to  slightly  different  specimen  lengths.  The  two 
best  lilting  lines  appeared  to  have  the  same  slopes 
and  this  was  shown  by  the  calculated  slope  con¬ 
stants  “b”  which  were  (MHII.;ti.*>  and  .IMMMTJJ. 
Statistical  analysis  showed  that  no  real  differences 
existed  between  the  duplicate  tests  and  that  both 
tests  could  be  represented  by  one  average  line  With 
a  slope  of  .0001. '(43  and  on  "a"  value  of  0.0.t:l07‘». 
’I'he  calculated  correlation  coelhcient  for  the  aver¬ 
age  regression  line  obtained  from  both  tests  was 
0.95,  where  perfect  correlation  between  the  calcu¬ 
lated  regression  line  and  the  data  would  be  1.0. 

The  temperature  resistance  coefficient  of  a  metal 
is  detined  hs  the  ratio  of  the  change  in  resistance 
due  to  a  change  of  teiuper«iine  of  l°C  to  its 
resistance  at  0°(\  I'sing  the  average  calculated 
“a"  whi.'i  ia  the  resistance  of  magnesium  at  0°  l', 


this  coefficient  can  be  calculated  from  the  results 
of  these  two  tests.  A  value  of  0  00412  per  degree 
Centigrade  was  obtained  which  compares  favor¬ 
ably  with  the  value  of  0.004  per  degree  Centigrade 
obtained  by  the  Bureau  of  Standards  for  pure 
magnesium  metal. 

Most  quantitative  corrosion  tests  make  use  of 
a  metal’s  loss  in  weight  us  a  measure  of  corrosion. 
Test  M-5  was  made  to  try  and  correlate  change 
in  conductance  with  change  in  the  specimen’s 
thickness  and  loss  in  weight.  Acetic  nitrate  solu¬ 
tion  was  used  as  the  corroding  agent  as  it  will 
rapidly  and  uniformly  attack  magnesium.  The 
conductance,  thickness,  and  weight  of  the  magne¬ 
sium  ribbon  specimen  was  determined  prior  to 
and  after  each  successive  rapid  dip  into  the  acetic 
nitrate  solution.  After  each  dip  into  the  nitrate 
solution,  the  specimen  was  thoroughly  washed 
with  water  and  dried  prior  to  making  measure¬ 
ments.  Thickness  measurements  wer?  made  using 
a  micrometer:  a  large  number  of  measurements 
being  made  along  the  specimen's  length  and  an 
arithmetic  aveiagc  icmpuied.  The  averages  of 
two  weight  measurements,  which  were  made  on 
mi  analytical  balance,  and  of  four  or  more  con¬ 
ductance  measurement::  v,  e  used.  All  measure 
inent.  were  made  at  approximately  25°  < 

As  shown  theoretically  in  Appendix  I,  Section 
a  plot  of  conductance  versus  weight  loss  should 
he  a  straight  line  when  plotted  on  rertae  jular  co¬ 
ordinates.  As  shown  in  Figure  It,  when  the  ex¬ 
perimental  data  from  Test  M-5  was  pktted,  ex¬ 
cellent  correlation  found.  The  \ariation  of 
the  data  from  the  dated  regression  line  was 
very  small:  the  ca  .ted  correlation  coefficient 
being  0.99. 
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A  plot  of  resistance  change  versus  weight  loss 
was  a  curve  which  approximated  a  straight  line 
up  to  a  22  percent  change  in  resistance.  Beyond 
that  point  deviations  of  resistance  change  versus 
weight  loss  from  a  straight  line  were  appreciable 
and  continuously  increasing.  The  percent  change 
in  resistance  was  e<|ual  to  the  percent  change  in 
tldckness  up  to  a  •'!()  to  40  percent  change  in  resist¬ 
ance.  Beyond  t his  point,  the  percent  change  in 
width  was  appreciable,  increasingly  so  as  corrosion 
continued.  When  all  SO  percent  change  in  resist¬ 
ance  had  occurred,  the  average  measured  specimen 
thickness  had  changed  approximately  •>*'»  percent 
'isutd  observation  showed  that  the  specimen's 
width  had  decreased  appreciably  and  this  would 
account  for  the  difference  of  14  percent 

A  measure  of  corrosion  which  is  unaffected  hv 
specimen  size  is  the  use  of  percent  weight  loss.  In 
many  corrosion  tests,  percent  weight  h>ss  has  liecn 
correlated  with  tensile  strength,  change  in  elonga¬ 
tion,  and  other  mechanical  tests  !n  Figurr  12.  is 
shown  a  graph  of  percent  change  in  resistance 
(etjual  to  ‘he  (teTent  change  in  cot  duclanrel 
versus  percent  change  in  weight  for  Vest  M  .V 
A  calculated  straight  line  with  n  correlation  coeffi¬ 
cient  of  0.9S7  and  the  e  piaticn  of  the  line  relating 
the  two  functions  ar>  shown  The  constants 
relating  the  percent  change  in  weight  arc  the  re¬ 
sistivity  coefficient  and  the  density  of  tie  metal. 
At  this  one  temperature  and  for  similar  specimens 
of  this  same  metal,  magnesium,  this  relationship 
should  not  change  Thus  it  should  he  jaissihle  to 
determine  percent  change  in  weight  from  the  per¬ 
cent  i  iiange  in  resistance  whenever  similar  mag¬ 
nesium  specimens  ure  experimentally  corroded  at 
this  temperature.  Since  magnesium  and  magne¬ 


sium  alloys  tend  to  pit  in  a  corrosive  environment 
rather  than  uniformly  eteli.  the  need  for  a  uniform 
etchant  was  wogtuzed.  From  previous  experi¬ 
ence.  it  was  felt  that  dilute  salt  solutions  might 
satisfactorily  etch  pure  magnesium. 

Tests  M  ti  and  M  7  wrre  made  to  determine  the 
amount,  rate,  and  type  of  corrosion  of  a  salt  solu¬ 
tion  «»n  pure  magnesium  ribbon  specimens  Both 
tests,  run  simultaneously,  were  made  by  totally 
immersing  the  specimens  in  .1,1  \K(‘l  at  ’>0° 
Since  salt  solutions  of  this  strength  are  good  elec¬ 
trical  conductors,  the  electrical  measurements 
were  made  in  benzene,  compensation  Iteing  made 
for  the  a i non:  *  of  time  the  specimens  wore  not  in 
the  corroding  media.  A  graph  of  change  in  con 
dtictaticc  versus  time  for  the  two  tests  i*  shown 
m  higure  l:t. 

Microscopic  examination  of  each  *|>eeinirii  aflei 
the  test  showed  little  pitting;  reasonably  uniform 
corrosion  of  the  specimens  v  j'pnretlt.  Varia¬ 
tion  of  the  ex|ierimrntul  dal.  m  the  calculated 
regression  Idle  was  small;  the  elation  coefficient 
was  greater  than  (Mia.  Statistically.  Iioth  tests 
could  be  represented  by  one  regression  line  with 
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high  prolmbilit v  The  small  ilifferenci-  between 
the  calculated  interrept  values  (“a")  wn  due  to 
the  reproducibility  in  preparing  the  specimens 
dimensionally. 

Both  specimens  were  weighed  before  and  aflei 
the  test  as  described  previously  The  percent 
change  in  weight  for  tests  M~t»  and  M  7  respec¬ 
tively  were  12.1  and  IO.:t  percent.  I'aing  the  percent 
change  in  weight  to  calculate  an  expected  per¬ 
cent  change  in  conductance  according  to  the  calcu¬ 
lated  equation  from  Figure  12.  values  of  17.7  and 
15.4  perce  .t  weie  obtained  The  artual  values  of 
percent  change  in  conductance  were  19.1  and  17.1 
percent,  respectively,  which  are  in  good  agreement . 
A  likely  source  of  error  is  the  fact  that  in  these 
tests  the  specimens  had  to  l«e  cleaned  in  hot 
chromic  acid  solution  prior  to  final  weighing.  This 
was  not  a  factor  in  test  M  A  when  the  equation 
above  was  determined  since  etching  with  acetic 
nitrate  solution  leaves  no  corrosion  products 

The  average  corroaion  rate  can  be  calculated 
using  the  equations  derived  in  Appendix  I.  Section 
1.  For  pure  magnesium  ribbon  specimens  to1  ally 
immeracd  in  approximately  0  1  NKl’l  at  50'’ 


the  average  corrosion  rate  was  0.947  inches  per 
year.  Though  no  similar  teats  could  be  found  in 
the  literature  with  which  to  compare  results,  this 
value  appears  reasonable. 

APPENDIX.  YI 

Because  of  the  many  advantages  of  the  electrical 
conductance  method  for  determining  corrosion 
rates,  it  is  planned  to  adopt  these  techniques  to 
other  Air  Force  research  problems.  T1  ough  the 
method  could  be  adopted  for  use  in  n.any  pro¬ 
grams,  it  will  be  used  at  present  with  only  three. 
These  programs  ere:  development  of  suitable 
inhibitors  for  red  fuming  nitric  acid,  development 
and  comparison  of  new  surface  treatments  for 
magnesium  alloys,  and  determining  the  effect  of 
humidity  on  corrosion  rate.  In  order  to  use  these 
new  techniques  to  advantage,  close  coordination 
with  the  project  engineers  of  the  aforementioned 
programs  has  been  initiated.  Working  jointly 
with  each  p'^ject  engineer,  test  programs  have 
been  devised,  most  equipment  obtained,  and  work 
scheduled.  Each  program  will  be  discussed  more 
ful!y  in  the  following  three  sections. 

Further  work  will  also  be  done  to  investigate  the 
use  of  different  types  of  specimens  (ribbon,  wire, 
and  deposited  films)  in  different  corrosivr  environ¬ 
ments.  The  effect  of  temperature,  eoncentration, 
slid  flowing  versus  nonflowing  solutions  on 
rotrosion  will  be  investigated. 

Section  |. 

Because  of  the  increased  use  oi  red-fuming 
nit-ic  arid  in  aircraft  propulsion  equipment,  there 
3  great  need  in  the  Air  Force  for  a  corrosion 
resistant  nonscaling  met*'  to  contain  this  media 
under  a  range  of  conditions.  At  present,  there 
are  several  suhlaskt  which  have  been  initiated  to 
solve  the  corrosion  problems  which  occur  when 
fuming  nitric  acid  is  used.  Programs  hvve  been 
initiated  to  develop  both  suitable  inhibitors  to 
redun  the  corrosiveness  of  fuming  nitric  acid  and 
materials  to  resist  either  uninhibited  or  inhibited 
arid. 

The  electrical  conductance  method  is  well 
suited  to  classifying  the  relative  rorroaiviliM  of 
different  inhibitors  in  rn'ric  acid  and  the  relative 
corroaion  resistance  ifferent  metals  to  these 
inhibited  acid  aoiut  Because  temperature 

appears  to  greaiiy  -...  t  the  rate  and  types  of 
corroaion,  tests  must  be  made  at  several  different 
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temperature  levels.  Metal  specimens  will  bt> 
place  1  iii  both  the  vapor  ami  liquid  regions, 
thereby  obtaining  vapor  and  li(|uid  corrosion 
rates  simultaneously.  By  threading  the  electrical 
leads  through  Kel  F  sleeves  running  outside  the 
Kel  F  lined  |iressure  vessel,  co.itinuous  recording 
equipment  can  measure  the  change  in  electrical 
conductance  of  the  :,.eciinen  while  corrosion 
occurs.  Figure  14  shows  the  experimental  design 
of  the  first  series  of  planned  ti>sts  It  tests  the 
effect  of  five  inhibitors  in  S4  percent  fuming 
nitric  acid  on  3  types  of  metal*  to  lioth  liquid  and 
vapor  at  two  different  temperatures.  After  the 
data  obtained  from  these  tests  have  lieen  carefully 
analyzed,  other  similar  tests  will  lie  made. 


i  t'll  M.  I  t 


Section  2. 

During  the  last  decade,  the  use  of  magnesium 
a  ml  its  alloys  in  An  Force  equipment  lots  increased 
manyfold.  However,  magnesium  alloys  corrode 
m  many  environments.  Maximum  protection 
from  corrosion  may  be  obtained  through  the  use 
of  chemical  treatments  followed  by  painting 
The  need  exists  for  a  surface  chemical  treatment 
which  will  protect  magnesium  from  corrosion  In¬ 
forming  an  adhering  film,  w  Inch  w  ill  also  be  a  gexal 
paint  base  The  .lectrirtd  condurtanre  method 
is  well  suited  for  classifying  the  protection  af¬ 
forded  by  different  surface  treatments  on  different 
types  of  magnesium  alloy. 

The  experimental  design  of  the  first  set  of  tests 
is  shown  in  Figure  1.1  Six  tv  pc*  of  treatments 
will  be  applied  to  duplicate  specimen*  from  each 
of  three  type*  of  magnesium  allox.  Fuel  speci¬ 
men  will  then  be  totally  immersed  in  a  standard 
salt  solution  (0  01  \K<  1)  at  •.*.>■’  (’  From  pre¬ 
vious  tests,  this  corrosixe  environment  appears  to 
uniformly  conwlr  pure  magnesium  without  ex¬ 
cessive  pitting  at  a  reasonable  rate.  Measure- 


AS  My«U*tt  iMtgM*  <•  «^*r*  It*  MTf  <■  sfTcHsg  hr  wf see 

tea  t«'  m  ‘.ffsr  at  agWIS  tllrt.  M  l«fM»  tre  fcerti  ti.I  “• 

'••I*  ty  •  -»#t.g - (  ‘a  a.O)  »W  astir*  —-osar*  a*  wet* 

‘a  "•  r  Uwi**1  - ■*  mllWet, 

Kincas  15. 

merits  will  lie  made  at  regular  intervals  and  tin 
data  statistically  analyzed  to  determine  if  there 
are  real  differences  between  metals  and  between 
treatments. 

As  new  treatments  amt  alloys  are  devised  these 
will  lie  compared  w  ith  older  ones  in  the  same  niun- 
ner  It  is  ;>ossible  that  this  method  of  determin¬ 
ing  corrosion  rates  can  be  standardized  and  used 
us  the  basis  for  an  Air  Force  specification  in 
qualification  testing. 

Section  3. 

It  is  well  known  that  in  thr  absence  of  other 
corrosive  agents,  steel  will  not  corrode  in  a  dry 
atmosphere.  It  is  also  true  thut  in  the  presence 
of  moisture  steel  will  readily  corrode  The  rela¬ 
tionship  between  rate  of  corrosion  of  steel  and 
percent  humidity  is  not  clearly  known.  Because 
the  electrical  conductance  method  can  accurately 
ineasiire  very  small  changes  in  electrical  conduc¬ 
tance  and  therefore  low  ra'es  of  corrosion,  it 
rtniiti  accurately  determine  this  relationsliip. 

Two  type*  of  mild  steel,  24ST3  unclad  alumi¬ 
num,  and  FS  1  magnesium  specimens  will  Ik-  ex¬ 
posed  to  relative  humidities  ranging  from  zero  to 
one  humlrec  percent  in  10  percent  step*.  A  con¬ 
stant  known  humidity  can  he  effected  by  using 
different  aqueous  solutions  of  »ulf-.rie  acid  Dif¬ 
ferent  and  solutions  will  be  plared  m  the  bottom 
of  large  mouthed  one  gallon  glass  jars.  The 
specimens  will  hang  in  the  vapor  space  of  the  jar 
with  the  leads  passing  through  JKvrrrlain  sleeve* 
inserted  i.i  the  Ini.  The  jar  lid  ran  then  be  sealed 
to  prevent  evaporation  and  measurements  made 
at  rrgtdar  interv  als  by  simply  coniieliiig  electrical 
leads  to  thr  specimen  leads  which  are  outside  the 
jar  The  jars  will  l»e  kept  at  a  constant  tempera¬ 
ture  of  21®  C  though  measurements  could  as 
easily  be  made  at  other  tempera* -res. 

From  experiments  of  this  kii  -fonnation  can 
tic  obtained  a*  to  parkaging  re  .ions  needed  to 
prevent  coiruaior.  It  might  b.  ,  o*aibie  to  insert 
•ensitiv-.'  n.rtwl  sptv;r:.< «n  pr-kage?  and  by 


suitable  measurements  to  <letermii>e  if  tlie  envi¬ 
ronment  within  becomes  corrosive. 
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Measuring  the  change  in  cui.dnetanre  of  a  metal  -jm*ci- 
1111*11  in  order  to  <  (ermine  it-  r.te  of  corrosion  ha>  not 
Iwen  widely  um**I.  However.  thi-  principle  ha-  Intm  u-ed 
I»v  .-.une  itivotiitalor'  *«»  -olve  -|H*ciaI  problem-  in  corrosion 
ii’M'arcli.  A  li-t  of  article-  relating  to  tin-  method  an- 
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\iisTH  \t  T  /  he  interest  in  llitorine-eontninini!  pol yethers  for 
possible  application  ns  thermally  stable  elastomers  prompted 
research  on  the  preparation  of  non  epoxide  monotnrs. 

Six  new  epoxides  Here  preporeil  nml  characteri  zisl.  The 
utilization  of  these  i.  otiomers  in  nett  polymer  system  is  ihinti 
imvsiit!altd. 


I.  f  \TKODl  CTION 

I'lic  risen  n  ’  ileseriheil  lii'iv  \v us  tiiiili'i'iuki'ii  to 
I  "I've  '''ll  ii  general  prove' lure  lor  tlir  preparation 
of  tlui'riimii'il  epnxiiles  Mini  to  prepare  a  ivjii'  of 
epoxiile  hit  liertofnrr  tinirpni'tetl  lor  evaltiatinn  n- 
n  moiioMicr  in  i In-  >\ iii lifiis  ol  new  i'\|ii'riini'tit:il 
elastomers  anil  Iiiim-  >tork  lluiils. 

II.  SI  MM  \HV  \\l>  CO\cl.l  skins 

I  Im  general  proem  I  tiro  iii  oli'.linrtl  |irevioilsl\ 
lor  tlii-  preparation  of  rpoxiiles  appeals  to  !»•  a 
general  me!  Inal  fi.r  tin'  preparation  of  enoxnlfs 
enlist  it  lili'il  in  llie  I-  anil  I  .J-pO'il  i  nis.  The 
preparation  o|  the  alkyl  perlluornnlkv  I  ketones 
ii'iiijr  tlm  lillii'im  salt  of  I  In*  iH'i'lluoni'Miliowlii' 
m  ill  appears  to  olfer  eertain  nilviintnge'. 

No  ilata  we;e  available  at  the  time  this  rejKirt 
nas  written  as  to  the  jHilvineri/.ation  eharneter- 
islii  •  ol  the  siilislitnleil  e|m\nles. 

III.  DISCI  SSION 

I  i  til  this  researeh  was  umlertakeii  no  Ihinrittc- 
eonliiii'int;  r|at.\iihs  hail  Ihs'ii  prepareil  v.  iiieh  were 
stil.si initial  with  alkyl  nml  |>erfliinmnlky  I  Groups 


in  the  one  atul  two  positions.  Mellee  anil  llitrton 
it)  prepareil  trifluoropropvlene  oxitle  anil  tri- 
Ihnnoisolnitylene  oxitle  hv  leiliietion  of  the 
eniTospontlitig  alphnhrnnmki  tones  followeil  hv 
epoxiilntinii  with  aiplemis  soilitnn  hvilroxiile. 
I  his  proi  eihire  hail  never  lieen  applieil  to  the 
synthesis  of  the  afori  nientioneil  I  .'J-ilisuhstitnteil 
epoxiiles  sinee  the  pmeeilure  for  the  preparation 
of  tin  startin':  ketones  was  rather  lengthy. 
Kecently.  however,  it  lots  heen  re|»orteil  Itv 
Medralh  fit  anil  eo-workers  that  the  ilesirei! 
ketones  es.n  l>  prepareil  Itv  the  tnl'lition  ol  the 
perlltioioeai'hoxylie  aejil  to  an  exeess  of  the  alkyl 
(irignnnl  reagent. 

In  the  rotirse  of  this  im t-stigntinti.  it  me 
I  list'll  venal  tilt  all  all,  mute  proeeiltll'e  eolllil  he 
etnplox eil  for  llie  preparation  of  the  ketones. 
This  profotlniT  ntili/eil  the  lithium  salt  of  the 
pfi'lhiomrarhoxyhe  mnl  amt  the  alkvl  (irignuti1 
reagent  nsin*  llie  reverse  ailiiition  I  is'lilli'ple 
I  Ills  moililieil  proetslnre  olfers  several  tn|\ altlage. 
over  the  oiii  in  wliieh  tin1  perlhlorm  ai'h  xylie  aen, 
is  employeil  These  atlvaiilagts  ai  si  I  \ .  Iish 
alkyl  (•lignaril  leagenl  is  rmpiireil  at  •el'ehv  the 
hyilrolvsts  o|  llie  lea'll, e,  nitX'lli''  I-  'iliipt’tieil 
SeeontlTi  .  gleilel'  IS'OIIOIOV  III  the  tltlli/.aliiili  of  tl  e 


and  i been  funnd  I'innllv.  tin  flunriiic-rno- 
i :i iuittji  ali-iilioU  were  which  from 

tin1  IViluel n»n  of  the  ketone  |i\  t lie  i'Xci'SK  f iri^fllili I 

tv.i^ftil  Tin-  uiircacted  i.  v«*r«*«l  ns  the 
ether  fiililpleX  (.'{>  which  riltl  Ilf  IVliflllTtll  1*11  liv 
t rent niriit  with  ililulf  i«*-ii t 

T!ic  follow  !n_'  will  suniiiiiiriy.c  the  reactions 
employed  it!  tl  i  irrpa  ration  titnl  proof  of  structure 
of  (lie  lllli»r'lli'-ciiht:iiliinf  cpo\ide>_ 
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i  t  i  iinl.ii  II  tl;  In 

(  t  i  m  II  -  Hr-  II 
<  V  i  «. mini  II  ■  l.i  Vtll. 


.  1  4.1  .11 

1 

i  i  ur.il- 

■1 

\  t  ■  1 1  Hr  <  ;Hi 

m 

4  1  4  HttlM  IIHM  ,llx 

i\ 

<  t  .  II •  •Ill'll >(r«  II  .  N,"ll  li.i.  .  I  -l  -i  It  i  I0  . It, 

4  I 

*  *  <11  llr.ll;  •  11^14,  II/.  .  <  |  f  U..m  i|..|H  :||,  VI 

Kf.u  iiotis  I  mill  II  represent  the  procedures  used 
in  prepurinj;  i In*  stnrt iii};  ketones.  Tin*  brnminu- 
! ion  renetion  III  wns  eiirrieil  out  in  eoneentmted 
sill  fliri<*  neiil.  In  I  lie  ense  of  each  ketone  n  single 
iiionoltroiiio-ileri vntive  was  oltliiiinil  vvliieli  was 


subsequently  •ilimiil  to  !*e  tin*  alpha  i«omcr  lr, 
conversion  to  tin-  I .2-cjmxidr*. 

The  reduction  of  the  hroiookr  iMic*  iri.rtion  l\ 
U.|S  effected  with  all  ether  sjlirrv  of  fit  iiittlca 
iihiniiuiiiiii  hydride.  Some  reductive  elimiiutiiou 
occurred  as  evidenced  hy  the  pitscocc  of  bromide 
ion  in  the  reuetion  mixture. 

The  lironioalcohois  were  then  added  Iropwi-e 
to  hot  oil  percent  aqueous  sodium  hydroxide  solu¬ 
tion  reaction  V.  The  epoxide  steam  distilled 

from  the  reaetion  mixture.  Treatment  of  the 
epoxides  with  tiM  sulfuric  acid  pivc  the  eorre- 
spondin<r  vieimil  diols  as  shown  in  miction  VI. 
A  positive  periodic  acid  test  (4t  was  obtained  with 
each  glycol. 

I  sinj;  the  procedure  described  the  following 

epoxides  were  prepared: 

.)  41  «» 

CKtCH  -cik'ik  CK.ru  nirtii,.  <  m’H  -  -C.riii^ 

ii  <i  « i 

«  K-<  it  -rih  ih,  i*  y  r  -rile  ail..  i  ,h  ii  -r.ni: ; 

The  physical  jiropcrlics.  analysis  and  yields  of  the 
•lew  compounds  arc  j-iven  in  Table  I. 


Tahi.k  I.  1‘h‘iniritl  properUr*  nt  nar  eoin)wnnii* 


Analysis" 

Percent - i -  IWcriii 


ClIlllpOUIKl 

■l  ieid, 
per- 
eeut 

M.l’.  iniii  ®C 

He 

.If* 

All, 

carl  ion  Percent 

hydrogen 

C  ate  Fd  !  C  alc  j  Fd 

fluorine 

Calc  FH 

(WOCHMrC’II, 

tat 

57/85 

1.  3401 

080 

I.  25 

23.  02 

23.  74  1.  38 

t.  38 

i 

43.  00 

48  CO 

<*,FjCO('lll»r(*.M, 

72 

52 /HI 

it.  3504 

1. 1527 

1.  23 

20.  35 

20.  37  1.  80 

1.  00 

4t.  OO 

41.  76 

f,K,CO<ltri{||,>, 

l'.i. 

02  I/til 

1.  3(528 

I.  031 

1.  215 

20.  35 

20.  30  i  |.  H'.i 

2.03 

41.00 

41.  S3 

CIV'OClIHrCn, 

82 

'.•:»/ 7-t  x 

1.  3805 

1.  (540 

1.  25 

23.  4 1 

23.  40  1.  03 

2.04 

27.  SO 

27.  80 

CK:n  X'MKrr.fft. 

X'! 

J.I/I2I 

1.  3005 

1.  554 

i.  25 

27.  42 

27.  47  2.  73 

2.  80 

26.  03 

28  87 

(•F.roriinrir,),. 

03 

57,  5/IH5 

I.  3020 

1.  547 

1.  31 

27.  42 

27.41  2.73 

2.  80 

28  03 

20.  00 

c.FjCii'oirx'iiitrni, 

/a. 

85,81 

1.  3700 

1.  748  1 

1.  10 

23.  45 

23.37  1.05 

*2  01 

48  32 

42  85 

CjFjCI  t  (<  ill)('ll  HrC'jlI  j 

05 

75.  0-75.  8/32 

1.  3770 

1.  074 

1.  It 

20.  10 

20.  10  2.  *0 

2  30 

41.  43 

41.52 

rjFjCntOHK'KriOl,), 

54 

83.  tl/r.2 

>  1.  3708 

1.  0154  ; 

t.  17 

20.  ||5 

25.  70  .  2.  40 

2  47 

41.  43 

41.  50 

('FjCHtOlf  )<'ll  UrCIfj 

7X. 

I5*i.  5.153 

'1.  4080 

1.  007  ■ 

1.  15 

23.  10 

23.  23  [  2.  00 

2  00 

27.  54 

27.  72 

CFiC'il  (OH  )C‘M  ItrtMI. 

34 

ft.  (1-0 1.  5  !  Mi 

1  1148 

t.  (502 

ex 

27.  I  V 

27.  15  ,  3. 155 

2  73 

28  70 

25  no 

CK.rnioioritnCil,), 

42 

157.  5/17 

1.  4150 

1.  501 

1.  18 

27.  17 

27.  20  3.  05 

3  Mi 

28  70 

28  06 

(•(F/lfC’HOini,) 

70 

03.  5/748 

1.  3001 

1.  424 

1.  20 

31.  80 

3|.  80  2.  21 

2  23 

58  84 

58  03 

C,Fi(,'H('IIOd'jl!.i 

x:t 

1  Ill.A-l  1 1/74!> 

1.3218 

1.  35.8 

|  l**>  ; 

35.  INI 

35.  01  2.  02 

:i  ttt 

53  42 

58  42 

r.r/iint.ciMj 

».*• 

I02..V-  IU3/747 

1.  3187 

1.351 

1.  20 

35.  INI 

3.8  03  ;  2.02 

2  05 

58  42 

88  50 

<,F»c*iiriioi(’ii,i 

i 

00 

58.  5-50.  0/747 

it.  3107 

1.  207  ; 

1.  12  j 

38.  10 

38.  II)  •  2  07 

.i  01 

48  21 

48  34 

<y,huninc,U) 

x:i 

78.  8-70/745 

1.  3340 

1.  140 

1.  23  . 

42.  80 

42/  80  8  (X) 

4.  87 

441  71 

Ml  81 

CvJlU'ntWUi, 

IWIlii'IDCIMHI) 

XI 

71  3  71.  0/717 

4.3202 

1  125 

1.  20  * 

42.  80  : 

43,  03  8  INI 

8  05 

48  71 

441  04 

i 

'■88 

1 

i 

32.55 

3*2.  *0  2  40 

31.  85 

52  fit) 

•  Annly*r»  wore  carried  out  Mv  the  Seliwnrikoiif  Mlrrrmnnlytlrnl  tjitmralory,  Woedolde.  N’.J. 
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IV.  KXPKRIMKNTAI. 

A.  Prcparut ion  of  Alkyl  lYrlluoroalkyl  Ketones 

1.  From  pcrfliinmrnrhnxylic  arids  general  pro¬ 
cedure 

The  ki'toncs  wort'  prepared  by  tin*  general  pro- 
mi  un*  described  liv  a  (iratli  i-l  al.  (2i  To  three 
moil's  of  alkyl  Grignard  reagent  in  oni-  liii*r  of 
ether  cooled  in  an  ice  Imtli  whs  added  dropwisc 
with  st irrinjr  one  molt'  of  pcrfliiorncitrlioxylic 
itiiil  in  an  1'ipial  volume  of  ether.  Aflrr  stirring 
overnight,  the  reaction  mixture  was  hydrolyzed 
l»y  pouring  into  iriM-om-i'iilratoil  hydrochloric 
in-ill.  Tin-  ether  layer  was  separated  and  the  water 
layer  extraeted  with  tluee-ltH)  ml  |a>rtions  of 
ether.  Tin-  romhiiied  ether  layers  were  dried  over 
Drierite  and  distilled  to  remove  the  ether;  the 
residual  liquid  was  then  dried  over  phosphorus 
protoxide  and  frarliomilly  distilled  at  atoms- 
phcrir  pressure  through  all  efficient  t-olumn. 

2.  From  the  salt  of  uertluoroearlHixylie  aeid 

The  lithium  salt  of  porfluorobiltv. ii  aeid  was 

prepared  by  slowly  adding  one  mole  of  the  arid  to 
onr-hulf  mole  of  lithium  carbonate  in  2t>  ee  of 
water.  The  salt  was  then  dried  thoroughly  in  a 
vacuum  oven  al  SO  100*  (’. 

One  mole  of  lithium  pcrfliiorohutyralc  was  dis¬ 
solved  in  one  liter  of  dry  ether  and  rooied  in  an  ire 
hath.  To  this  vigorously  stirred  solution  was 
added  dropwisc  I  10  mole*  of  ethyl  magnesium 
bromide  in  400  e>-.  ether  over  a  period  of  two  hours. 
The  reaction  mixture  was  stirred  for  an  addi¬ 
tional  two  hours  al  room  temperature,  then 
rooied  in  an  ice  bath,  ami  finally  hydrolyzed  by 
the  dropwisc  addition  of  200  er  of  20  percent 
sulfunc  acid.  The  ether  layer  was  separated  and 
the  water  layer  extraeted  silk  three  100  lid. 
portions  of  ether.  The  combined  ether  layers 
were  dried  over  Dnmtr  and  the  ether  removed 
hv  distillation  The  residual  liquid  was  dried 
with  phosphorus  ami  rectified  to  give  10a  g  <44 
percent  yield )  of  ethyl  hrptafluoropeopvl  ketone 
hp  «  W*.  n£  1  ?tun  ami  To  g  of  2C,F!4t».H 
tC.H.ijOhp  129* <* 

B  o-Bromoalk\  I  perfluoroalky  I  ketones  gmml 
procedure 

To  400  ml  of  rone  nitrated  sulfuric  and  was 
added  rapwfly  0  5  motr  of  the  alkyl  prfflueroalk  i  I 
ketm.e  Then  0  IS  mole  of  hrommr  *  cs  added  to 
the  vigorously  stirred  ntspnuao-.  a!  stub  a  rale 


that  the  bromine  concentration  was  kept  low 
(several  hours  to  one  day  may  be  required  for  the 
addition  depending  on  the  ketone  being  hromi- 
nated ).  After  addition,  the  stirring  was  continued 
for  two  additional  hours  and  the  crude  product 
was  removed  from  the  sulfuric  aeiil  hy  distilla¬ 
tion  under  reduced  pressure.  The  crude  bro- 
minated  ketone  was  then  fraetionally  distilled  at 
reduced  pressure. 

(’.  Reduction  of  a-hn,..ioketoues-  general  pro¬ 
cedure 

Lithium  iilimiiiiiini  hydride  (10  percent  excess) 
was  stirred  with  dry  ether  overnight  to  give  a 
slurry  of  the  hydride.  The  hydride  slurry  was  th  <ii 
cooled  in  an  ire  hath  and  the  a-bromoketone  in  h>i 
equal  volume  of  ether  was  addnl  dropwisc  at  such 
a  ratr  that  no  reflux  took  place.  After  four  addi¬ 
tional  hours  of  stirring  at  room  temperature,  the 
flask  was  rooied  in  sii  ire  bath  uml  the  excess 
hydride  was  destroyed  hy  the  addition  of  a  small 
amount  of  ethanol  ‘allowed  by  hydrolysis  with 
20  pen-nit  sulfuric  aeid.  The  ether  layer  was 
separated,  tiie  water  layer  extracted  with  ether, 
and  the  combined  rlhrr  layers  wrrr  dried  with 
Drierite.  The  ether  was  removed  bv  distillation 
and  the  residual  liquid  was  fractionated  at  reduced 
pressure  to  yield  the  o-bromo  alcohols. 

1)  1. 2-epoxides-  genera)  procedure - 

The  o-bromo  alcohol  wa*  added  dropwise  to  a 
vigorously  slims!  5*1  percent  aodium  hydroxide 
solution  1 10  molar  exrraai  al  100*  (\  The  epoxide 
rapidly  steam  distilled  out  of  the  reaction  mixture 
and  was  then  separated  from  the  water  layer, 
dried  ove  Dneritr,  and  fractionally  distilled  at 
atmaanhme  pressure 

K  Hytlrulxsi*  of  1,2-cpovidc* 

Two  grams  of  1.1.1 .2.2..t.3-lirpt»fluaro-4,.>- 
epoxy  hr  plane  was  heated  in  a  sealed  tube  with 
6  ml  of  20  percent  sulfunc  arid  al  103*  ( *  for  *»xl » 
hours  I'pon  cooling  a  white  solid  rrvslaliued 
out  which  wa»  rrcryst alined  from  benxene  to  yield 
1. 1.1. 2.2.3. 3-heptaflu«WT»-«.5  hept»nedi€i|.  m  p.  M* 
('  Tbr  dwl  gwee  a  poastice  periodic  leal  (4b 

Similar  trealiiire.i  of  l.!.l.2.2.3.3-ltepla!lua.o- 
4 , j-rpox rhrxanr  ami  l.l.l.2.2..'l,3-hrplalluoeo  j- 
melhyM.j-rpoxybexanr  gwCe  oils  wh'-h  were  uir 
corresponding  glyrols;  each  of  wh:  avr  a  posi¬ 

tive  periodic  and  lest 
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Derivatives  of  Ferrocene 


M.  K  u  sen.  v.  vo<;i:l  ..M<i  II.  koskmikiu; 
Part  I.  Th<-  Mctalation  of  KVrroreno 


\bstr  vct  nulalation  of  ferrocene  by  means  of  n-bulvl- 

lithium  anil  mercuric  acetate  has  Iteen  further  iniestigalctl.  The 
lithintion  reaction  has  hem  extended  for  the  preparation  of  tri~ 
nulhylsilylferrotvne  and  I. I  '-*U ( trinnlhvlsilvl ferrocene.  In  the 
mercurution  reaction ,  the  ratio  of  skirting  materials  has  been 
raricti  in  order  to  ohktin  optimum  viidds  of  either  chloromercuri- 
ferrocene  or  1. 1  '-dichloromercuri ferrocene.  Chloromercuri ferro- 
cene  has  been  connrted  to  diferrmvmlmercurv  bv  means  of  dispersed 
sodium,  sodium  stannik *.  and  smlium  iodide  in  ethanol. 


Since  the  discovery  of  ferrocene  in  10.11,  over 
one  hundred  teehnicid  publications  have  appealed 
in  the  literature  conccrniny  ryrloprntudicnvl- 
nietitl  compounds.*  In  this  and  subsequent  pa|trrs 
we  wish  to  report  some  new  derivatives  of  ferro¬ 
cene,  as  well  as  dia-uss  the  various  synthetic 
methods  by  which  sulistiluted  fernw-e-ies  can  he 
made. 

One  nielhiMl  for  the  preparation  «*■'  ferrocene 
derivatives  is  hy  metalated  intermediates.  Iten- 
keser,  < ioyyin.  and  Schroll,'  and  Nesnievaliov 
it  a  I*  have  lithiatrrl  ferrocene  iisiny  »-biilvllilhium 
to  produce  a  mixture  of  mono-  and  dilithioferrocene. 
These  metalated  intermediates  have  heen  con¬ 
verter!  to  carhoxy.5*  triphenylsilyl.1  and  amino : 
derivatives  Nesmcynnov  it  a/,  have  also  men  u 
rated  ferrocene1  and  have  converted  die  mrrvu- 
rutrd  intermediates  to  broom  ami  iodo  derivatives  * 

The  present  m  vest  iynl  ion  was  iindritakrn  to 
determine  the  usefulness  of  these  two  reactions  a< 
practical  metlawls  for  the  picparatiou  of  uuimi- 
atid  d;sul«t!tuted  ileriv atix i—  of  ferrocene.  part  of 
our  results  are  discussed  herein  Initial  experi- 
«  ere  iltrn  lnl  towartl  iuiproxiny  thr  yields 
of  mono-  and  ditit  hiofrrrorcnc.  these  mrlnlntnl 
derivatives  lieiny  chiirnrtrri/.ial  hy  e:irl>onatinii  to 


the  mixed  mono-  and  dienrhoxyferroernes.  In 
mmierous  experiments  in  which  ex|H‘riinental  con¬ 
ditions  were  varieil,  however,  the  total  yield  of 
mixed  acids  could  not  la'  increased  to  more  than 
about  dit^J  These  yields  are  consistent  with  tin- 
yields  of  ferrocene  acids  reported  hy  the  other 
investigators. 

IJenkesci  it  ill.'  have  also  re|>nrtrd  that  the  mix¬ 
ture  of  mono-  and  dililhioferroeenr  obtained  from 
the  reaction  of  ferrocene  and  e  Imtyllilhium  in 
ether  reacts  with  triphenylehlorosilane  to  produce 
triphenylsilyl  ferrocene  and  1,1  Villriphcnylsilyl)- 
fcrroccnc  These  two  compoumls  were  obtained 
in  yields  of  27r‘(  and  7*'r.  respectively,  or  a  total 
yield  of 

Me  have  fomnl  that  this  reaction  ran  also  he 
appliial  to  the  synthesis  of  trialkvlsilyltrirorenet. 
ami  wish  to  re|mrl  here  the  synthesis  of  trimethvl- 
silylferrorenr  lit*  and  !.t  -di  1 1  rimrl hylsilv I tferro- 
cctic  .III.  Hath  I  me*  *1  were  isolated  ns  uiohilc. 
distillable.  oranyr-red  liipmls.  possessiny  mill 
■alors  Hot  I,  appeared  to  lie  completely  st  lit 

liylil  and  in  ail.  in  contrast  to  several  tow  Ir- 

eular  weiylit  alkyl  derivatives  of  ferroo  J  l; 
The  yields  ot  I  and  II  obtained  werr  somewhat 
hiyher  than  the  yields  of  rarboxy-  and  triphenyl- 
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silylferrncent .'  obtained  hv  (In-  method  Jt  .,!-<> 
it! !•*??«! issiT  to  n««t •*  lliiil  more  >*'•■  I  product 

nus  <>!>■  tt i itoil  limn  numasuhstit  tiled  prtnlud.  t:; 
contract  lo  the  itlxtvc  result* 

Tin*  infrared  spt-dra  >*f  I  and  II  were  very 
similar.  tin*  oiilv  notable  ilitferen  c  Itpinjr  stroni; 
absorption  hands  «t  U « m t  nml  !•  fO  _  in  tin-  spectrum 
of  I  llnth  hands  xx crc  totally  absent  in  ili»*  s|x*c- 

t rum  of  II  These  result*  an*  in  cmxl  accord  with 
tin*  (lata  of  Itoscnhluni  '  nml  of  1‘ittisnn  who 
have  found  that  tlir  hands  at  !•  no  anti  0  '•">  .  an* 
present  in  Ixtili  ferrocene  itself  ami  m  derivatives 
in  which  only  out*  cyrlopcnudit  nvl  run;  i>  sub¬ 
stituted.  hut  art*  absent  in  derivatives  hi  which 
Itoth  rings  arx*  substituted  Amini**  tin*  absorption 
hands  in  both  spectra  s'rvmi;  bands  at  *  O  ». 

l.'t.J  a.  and  strong  absorption  fr»>:n  1 1  •'*  to  I.’  1  . 
These  three  region*  of  absorption  limy  In*  assigned 
to  <‘llj  •'i  -licit  him;  and  rvrkmi:  vibration*  ' 
The  mrrruratioii  of  frrro-  roe  in  either  ether- 
alcohol  or  henirnp-alcetiul  has  Item  rrjiori  rd  hv 
Ncsmryanox  rt  n!  to  prndticc  s  nn\liirr  of  laith 
rhlotomerrunlerrorene  dll)  anil  1.1  '-diclilnmiiicr- 
runfrrrorrnr  '  IV)  *  A  study  of  this  react  ion  indi¬ 
cates  that  the  relative  proportion*  of  III  ami  IV 


III  IV 


prod  mod  ran  he  ronveliirnllv  controlled  Ly  vary¬ 
ing  the  tatio  of  the  %tar*.‘og  n  ntertal*  Tsldc  I 
summarue*  tltev  result* 

The  meretiralioii  of  fern  c:,.  to  form  III  ai  d  l\ 
can  likewise  la*  carried  out  in  gbo-tal  acrlx  .n  nl 
This  reaction  lr»|uihrs  no  (ins*  I  re  x  i-**t  1  or  rthii- 
tional  high  boiling  solxrnl  as  dor**  l!ir  wcll-kmxwn 
luercxiration  of  henrctir  1  l  ndcr  these  cotwli- 
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lit.,.*,  however  some  oxidation  of  ferPHftu*  to  the 
fcrriciniiiiii  i* c  Krt  ‘  II  tvcnrretl.  and  the 
combined  X'n*!'l  t»f  III  ami  I A  xxas  Itixx  I  he  list* 
of  clhtr-iiicthnmd  a-  the  solvent  olFers  many  ad- 
x  nutates,  ti\ Hiding  to  tdul ton  of  ferrtx-em*  and  pro¬ 
ducing  all  excellent  eoltihilit'il  yield  of  III  ami  I 
The  fat  lie  formation  nml  separation  of  these  liter 
cijratetl  derivative*  sllgL'c-t  them  a*  Useful  ititer- 
Hiediates  in  the  preparation  of  additional  ferrocene 
compound*  i*  xx  hu  ll  eithet  one  or  laxth  cvrlo- 
peiitaiitetiyi  rings  an*  sijhstituteil  h  urtinT  stutlies 
aloiu;  lliesi*  line*  alt*  ei.rretttly  in  progress  in  this 
Initomiorv 

The  direct  react  ton  of  orgnt  tiuicrciirv  compiiuml* 
with  active  halogen  coin|x>uml*  such  as  alkyl  hal¬ 
ides  acid  halides.  ,U  .  has  Iteen  re|x»rtrd  in  only  a 
few  instam-es  to  v*eld  the  desired  derivatives.1 
these  rotupounds  hem*:  among  the  least  reaetixe 
orgwnnmrlallii •>  kmvvtt  ■*  '  Attempt'  to  read 
III  with  acetyl  clilorixle  anil  trimethvlchlorwulanc 
m  toluene  solution  were  likewise  not  successful  anil 
cntistilerahle  oxidation  occurred  III  mill  in¬ 
stances  tnsoluhlr  blue  solids  separated  which  werr 
identified  as  femrtntuin  salt*  hv  meaiis  of  their 
solubility  characteristic*,  reactions,  and  ultra¬ 
violet  spectra 

In  an  attempt  to  tr*h*-nirlalatr  III  using  dis¬ 
persed  sodium,  several  unexpected  rewults  were  ob¬ 
tained  When  III  was  reacted  with  a  Itt-tuolar 
excess  of  dispersed  solium  »4t»*~J  in  « -nonane  t 
-Itluted  with  henxenc  anti  the  rrartioii  mixture 
hx drxdx text  at  nmm  temperature.  i|Uantilali\r 
vtelds  of  ferrocene  were  obtained  In  a  similar 
experiment  in  which  the  reaction  mixture  was 
lirsl  rarlacisltsl  with  u  dry  ice-ether  ini  -lure  alt\l 
l hen  Itxdra’.yrrd.  a  70*^  yield  of  iliferitaenx  I- 
tieniirx  tVt  was  isolalcd  This  result  I-  not  ett- 
lirclv  anomalous,  since  both  -saliil  tl  ssxlmm 
ntiialiram  have  laen  friawtetl  to  ..*rt  com¬ 
pound*  of  the  I  x  ;>r  KllgX  to  tl.  x  ilimctn*  al 
denx  aiixt-s  '*  It  wn*  stiltsetpienliv  to.iml 
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t tint  I'OliUcI  of  tin*  roi.-  lion  mixture  with  dry  tcr- 
('tlier  wus  not  iwossary  to  ohtnin  \‘;  direct 
hydrolysis  i»t  t lie  low  1 01  n  pent  tu  res  afforded  hv 
this  refrigerant  produt-ed  enmpstraMe  results  \o 
ntrlxtxy  ferrorene  was  isolated  fro  n  these  re¬ 
actions.  indicating  that  pndmhly  froav-metalation 
did  not  occur. 

In  a  manner  analogous  to  other  coni|tounds  of 
the  type  RI!gN.l'-'<’  III  reacted  readiU  with  :> 
solution  01  sodium  stannite  to  produee  V  in  good 
yield.  1 1 1  nlso  reacted  rapidly  w  ith  sodium  halide 
in  ethanol,  another  reagent  whielt  is  frequently 
used  to  convert  KHgX  compounds  to  R.Hg  eom- 
IMiunds.1'  In  this  reaction,  two  stable  forms  of  V 
with  different  melting  (mints  were  isolated. 

Attempts  to  metalate  ferrorrne  directly  using 
either  lithium  metal  in  n-hutyl  ether  or  dispersed 
sodium  in  tetrahydrofuran  were  unsuecessful.  In 
the  latter  reaetion  eonsidernble  destruction  of 
ferrocene  occurred .  ami  small  amounts  of  ferr.e 
oxide  were  i*olatrd. 

KXPEHIMKNTAI.  11 

l.ilhiottvn  of  ftrrottnf  *nti  miuryrnt  cn'hoxnhon  hi 
general,  the  prA»rrdure  followed  was  similar  to  tha t  dr- 
scribed  hv  H«*nk«*srr.  ami  Srhmll  1  For  sample, 

in  a  tvpieal  r\|irrimrht  in  which  0  123  lunlr  til  adnitvb 
lithium  in  175  ml  of  anhydixm*  ethyl  rthrr  «;i»  reacted 
\»th  IT  7  a  t0  095  mol**'  of  frrrorrm*  tn  nil  t»f  ether, 
IS  O  c  of  ftrrucene  ami  5  0  g  of  thr  »riide  arid  wrr»-  oh* 
tainrtl  THr  neutralist  »«»n  equivalent  of  the  rrnde  acid, 
determined  trirally  in  a(|iinni«  ethatul  wliltwh, 

wa»  196.  tmliratina  a  mixture  of  ataut  5  part*  enrtaxy- 
fernurnr  w*  I  part  dirsrhiwfrffurmr,  alumina  thr*«- 
#rr  the  only  two  arid*  jirr^hl 

i*f fWf nr  <!<  aa»f  t .t,-•it(tnm*ih"t*ltyhfrrrn■^ 
itn*  (I!  A  suspension  of  139  5  t  i0  73  mole*  d  ferrocene 
in  1200  ml  of  milmlroii'  rthvl  rthrr  (dried  and  distilled 
mrr  sodium*  w«*  placed  in  a  3-liter.  3*nrrkrd  flask.  fitted 
with  a  stirrer,  reflux  roodrnsrr.  addition  fumu’l.  :  nd  nitro- 
so  itilrt  M\rf  a  I -hr  f»eriod  «»»  addrtl  link)  ml  of  .» 
I  53  molar  solution  of  fi-hutylhthium  in  anhydrous  eth«,r 
Mlonii.t  I  hr  addition,  all  tin-  ferrocene  appeared  to  l*e 
ili*vi|\ril  The  traction  mixture  »,it  then  »tir»rtl  under  a 
hilrattm  atmosphere  for  4-1  hr  at  room  irnip  muirr,  during 
which  time  an  orange  precipitate  from  the  rthrr 

solution  With  stirring.  103  0  g  U  30  more  of  trimethyl* 


rhlorosilanc  wan  addM  over  a  period  c?  about  .5  hr.,  if 
order  to  maintain  gentle  reflux.  Tne  reaction  mixture  w»- 
then  refluxed  for  15  hr.,  hydrolysed  with  ice,  and  the  aque¬ 
ous  ami  ether  phases  separated.  The  aqueous  layer  was 
extracted  once  with  ether  and  the  combined  ether  phase 
washed  repentedlv  with  water  to  neutrality  and  dried  over 
Drierite. 

The  ether  was  evaporated  leaving  a  dark  orange-red 
liquid  and  precipitated  ferrocene.  This  mixture  was  chilled 
in  a  dry  ice-acetone  bath  in  order  to  freexc  out  as  mucl 
ferrocene  ns  |M**ib|e,  filtered,  and  the  ferrocene  washed 
with  a  little  ethrr.  After  drying  the  ferrocene  weighed 
33  I  g  .  m.p.  173  174°.  The  filtrate  was  placed  in  a  500- 
inl  lla-k  fitted  with  a  12  inch  Vigretix  column  and  warmed 
under  a  pressure  of  0.1  to  0.2  mm.  of  mercury.  After 
alwm:  I  hr  additional  unrearted  ferrocene  had  sublimed 
onto  the  column  Atmospheric  pressure  was  then  restored 
and  the  column  wa-  removed,  rinsed  with  acetone,  dried, 
and  replaced  This  prosed...*  was  repeated  several  times 
until  all  the  ferrocene  appeared  to  have  sublimed,  and  only 
refluxing  liquid  was  oliserved  From  the  aretonr  washings 
an  additional  0.5  g.  of  ferrocene  was  isolated,  for  a  total 
recover v  of  4l.fi  g 

The  remaining  liquid  was  fractionally  distilled  using  u 
packed  column  and  a  distillation  head  equipped  for  tots! 
reflux  After  initial  *«*par  •ion  into  low  and  high  boiling 
fractions.  Iioth  fractions  were  redistilled  through  a  12-in*  h 
Vigrcux  column  equipped  with  a  straight  take-off  head. 

following  redist illation,  30  9  g  1 19^  yield*  of  I  was 
obtained  as  a  dark  orange-red  mobile  liquid  possessing  a 
mild  cedar-like  odor,  b  p  fi|  t»5*  luncorr.*  at  0.045  mm. 
of  mercury,  m  p  23*.  nj*  1.5090. 

I  out  Valrd  for  C,illrtSiFr.  (’.  0047;  II.  703;  Fe, 
21.03.  Si.  IOxx  Found;  (\  00.3*.  II.  7. 17.  7.17; 

Ke.  2M»5.  2100;  Si.  10  04,  10*9 

The  higher  tailing  fraction  produced  06.5  g.  i27?J,  yield  > 
of  11.  b  p  *7  xx*  tuncorr  )  at  0.0l‘0  to  0  070  mm  of  mer¬ 
cury.  m.p  10*.  1  5454  H  was  similar  in  appearance 

to  I.  although  its  odor  was  very  faint 

1  nut.  Calcd  for  Cdll.^ttFe;  C.  5k  10;  If.  793;  Fe. 
10  *10  Si.  17  *10  Found:  <\  5*  50.  5*  13;  If.  7  97.  7.9k; 
be.  10  03.  10.60;  Si.  |ti  *0.  10  *2 

*  kloroHtrrr unttrrortne  (Ilf!  oaf  /./Wiid/nrowmiri'. 
(tfottnt  1 1  \  > .  (.1*  .l/r/Aoaof-efk|v.  tikrr  n*  thr  solvent  In 

general,  motlifirations  of  the  proerdurr  described  by  N'es- 
m-  yanov  rf  o/ •  were  used,  by  varyng  the  ratio  of  the  re- 
artar  ts  «s  illustrated  in  TaMe  I.  Ill  was  obtained  in  the 
form  of  gi  lden-yellow  leaflets,  m.p.  103  104",  with  decomp 
nit  •  m  p  ’94  190*;  .  !\  was  isolate«l  ns  a  yellow  powdery 
solid  w  hich  did  not  melt  at  temperature*  up  to  300*.  When 
heated  at  elevated  temperatures  over  a  period  of  lime,  how 
e\  t»r,  *‘ow  deeonij  sit  ion  was  observed  with  ferroeene  aub- 
liming  on  the  ml* 

(ff*  Cttnttl  nrtfu  nntf  %t$  (ht  toitrnf  A  solution  of  IK. 6  g. 
id  10  mole*  of  ferrocene  in  400  ml.  of  glacial  acetic  acid  w* 
hratcil  to  reflux,  and  a  solution  of  15.9  g  (0  05  mole)  o 
mercure  acetate  in  100  ml  of  hot  glacial  acetic  add  w*i> 
added  with  stirring  over  a  period  of  1.25  hr.  Followin, 
.he  addition  the  reaction  mixture  was  refluxed  for  1*  * 
and  then  stirred  for  10  hr  at  room  temperature, 
nltenng  from  a  small  amount  of  metallic  mercury  n 
had  separated  (0  4  g .1.  the  ft) '.rate  was  mixed  with  a  solu¬ 
tion  of  |  I  *  (0  03.3  xmil”)  of  |K>tassiu»r  chloride  in  100  ml. 
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of  ft  1:1  tnixtiir*-  of  ethanol  am!  water  A  brown  solid  sepa- 
rated  {.V.  which  was  washed  v* it h  Ixnizctir  to  remove 
ferrocene ;  after  drying  the  -olid  weighed  9.5  g 

The  blue  aridic  filtrate  was  diluted  with  500  ml.  of  water 
and  a  yellow  sol  it  1  separated,  which  after  filtering,  washing 
with  water,  and  reeryst;*l!i/ini»  from  rvelohi  xnne  produced 
«  small  amount  of  ferrocene.  The  filtrate  was  stirred  with 
50  g.  of  powdered  ,:nc  for  about  2  hr.  during  which  time  the 
blue  color  was  di  .barged.  Extraction  with  benzene  and 
removal  of  tin*  solvent  produced  an  additional  1.4  g.  of 
ferrocene.  Front  A.  both  III  and  IV  were  obtained  by 
recryst nil i/at  ion  from  hot  I -butanol.  The  total  amount  of 
III  isolated  was  Is.'.)  g..  m.p.  192  I93\  with  deromp.,  <>r  a 
yield  of  14*7-  The  total  amount  of  IV  isolated  was  2.2  g.. 
or  n  total  yield  of  14*7. 

Attr  mpW  rrnrtion  of  III  with  trirntthiflrhlnronitan*'.  To 
a  warm  solution  of  2.1  g.  (0.005  mole)  of  III  in  100  ml  of 
toluene  (dried  over  sodhitn'  \v:i-  added  5.4  g.  (0.05  tnolei  of 
trivncthylrhlomsilatie.  Th“  reaction  mixture  was  stirretl 
und^r  a  nitmgfti  atmosphere  for  it  hr  at  705.  During  this 
period  the  solution  darkened  and  a  blue  -olid  separated. 
The  reac  tion  mixture  wa-  diluted  with  100  ml.  of  cold  water 
and  filtered.  The  light  blue  '-••lid  which  was  collected  was 
washed  with  water  and  with  toluene  and  dried,  weighing 
1 .2  g  This  sol ir |  was  insoluble  in  common  organic  solvents, 
only  slightly  soluble  in  water,  and  w*»s  moderately  soluble 
in  dilute  hydrochloric  acid,  forming  a  blue  solution.  The 
Mue  color  was  readily  discharged  upon  addition  of  an 
excess  of  sodium  hydroxide  solution.  The  ultraviolet 
spectrum  of  a  small  sample  in  dilute  hydrochloric  acid  was 
sindUr  to  that  reported  for  the  ferririniurn  ion.1*  From  the 
toluene  layer  0.7  g  of  ferrocene  was  recovered. 

\  similar  experiment  wr.s  carried  out  using  acetyl  chlo¬ 
ride  in  place  of  :t iniet hvlchlnrosikmc.  In  this  reaction 
also,  a  similar  blue  solid  was  isolated  and  ferrocene  was 
recovered. 

Reartion  of  III  with  it  is  permit  .tw/uori,  |.t».  Isolation  of 
frrnwtn •*.  In  a  3-neckrd  250  ml.  Ilask  wa-  placrd  2  0  u. 
(0.05  mole)  of  sodium  dispersion  (40%  in  n-nnnnnet,  and 
the  dispersion  diluted  with  50  ml.  of  benzene  (dried  over 
sodium).  With  stirring  and  under  »  nitrogen  atmosphere. 
2.1  g-  (0.005  mole)  of  III  in  100  ml.  if  warm  dried  benzene 
was  added  over  a  period  of  15  min.,  and  the  reaction  mix¬ 
ture  stirred  at  25’  for  3  5  hr  At  the  end  of  this  (teriod 
•15  ml.  of  05%  ethanol  was  cau  iouslv  added,  followed  by 
50  ml.  of  water.  Tin*  hydrolyzed  mixture  was  filtered  with 
sue, ion  ami  washed  thoroughly  with  lmt  water  and  with 
bfMcnc.  The  residue  which  remained  (0.82  g.)  appeared 
to  Ik*  a  gray  powder  containing  small  globules  of  me»riry 
The  filtrate  was  separated  into  layers,  the  aqueous  phase 
extracted  with  Izenxenc,  the  combined  ber.iene  portion 
washed  with  water,  and  then  the  lienzene  solution  dried 
over  anhydrous  nagne-ium  sulfate.  Filtrntinn  of  th» 
drying  agent  and  evaporation  of  t  ie  solvent  left  0.92  g 
(99%  yield)  of  ferrocene,  m.p.  171  174®  (uncorr.). 

(R).  Isolation  of  rtifrrrocenylmrrrury  (V).  The  apparatus 
and  quantities  of  reactants  were  the  same  a>  outlined  in 
(A).  After  stirring  at  25®  for  3.5  hr.,  the  reaction  mixture 
was  poured  onto  a  mixture  of  dry  ice  and  ether.  After 
cautious  hydrolysis  with  95%  etharm*  and  with  water,  the 
mixture  was  vacuum-filtered  The  aqueous  and  benzene 
phases  were  separated,  and  the  ben.teiu  phase  washed  ami 
dried  over  anhydrous  magnesium  sulfate.  Removal  of  the 


solvent  by  evaporation  left  a  yellow-orange  solid.  This 
solid  and  the  initially  insoluble  material  were  extracted 
with  a  small  quantity  of  boiling  xylene,  filtered,  and  the 
filtrate  r.iolrd  to  produce  1.0  g.  (70%  yield)  of  orange 
crystals  i»f  V,  m.p.  235  230®,  with  decomp,  (lit.'1  m.p. 
233  234  i.  Acidification  of  the  hade  aqueous  phas»*  pro¬ 
duced  no  trace  of  solid  ucidie  materia  . 

When  the  above  reaction  was  carri'd  out  at  50®  instead 
of  25°,  carbonatinti  ami  hydrolysis  produced  si. me  V  and 
some  light  vellnw  powdery  -olid  which  was  jnsol  iblc  in  hot 
xylene  and  in  dilute  (iota— dum  hyd'oxide  sol  it  ion,  but 
which  did  react  with  hydrochloric  acid  to  give  a  blur*  so!:’ 
tion  Acidification  of  the  aqueous  layer  produced  a  trace 
of  insoluble  yelh  w  material. 

Hr  art  V>n  of  /  /  /  with  soiiium  *tnnnitr.  To  a  suspension  of 
2.1  g.  (0.005  mole)  of  III  in  20  mi.  of  05%  ethanol  and  50 
ml.  of  water  was  added  a  solution  of  s«>dium  st:  unite,  pre¬ 
viously  prepared  by  mixing  5.0  g.  of  sodium  hydroxide  in  25 
ml.  of  water  with  1.8  g.  of  stannous  chloride  dihvdrato  in  2’ 
ml  of  water.  The  yellow-orange  color  was  immediately 
discharged  and  a  gray-black  solid  separated.  After  stirring 
for  3  hr.,  the  mixture  was  vacuum  filtered,  the  -olid  washed 
well  with  water,  dried,  and  digested  with  a  little  boiling 
xy-cne.  The  residue  consisted  of  a  dark  gray  solid  con¬ 
taining  globules  uf  mercury.  t’pwu  cooling  the  xylene 
solution,  1.0  g.  ‘ ..'()%  yi  'ld>  of  \  separated  c.s  yellow-orange 
crystals,  m.p.  230  233 c  t uncorr.).  Kccrystaiiization  from 
xylene  raised  the  melting  point  to  234  235®.  with  decomp. 

Rtartinn  of  /*/  with  sodiuru  .iniittr  in  ethanol.  A  mixture 
of  000  ml  of  95%  ethanol,  10.5  g.  of  sodium  iodide,  and  2. 1 
g  (0.005  mold  of  HI  was  refluxed  for  2  hr.  After  filtering 
the  hot  mixture  a  yellow-orange  solid  separated,  m.p 
215-225®  (uncorr.).  Two  recrvst  alligation*  from  xylene 
produced  0.9  g.  (04%  yield)  of  V,  m.p.  235  230®.  with 
decomp.  I’pon  cooling  and  concentrating  the  ethanolie 
filtrate  there  was  obtained  0.5  g.  (35%  yield)  of  an  orange 
eiystallim*  solid,  m.p.  -15  248®.  Kecrysialliiatmtt  from 
wienc  produced  a  sen « tel  form  of  V,  m.p.  249  2 It)®,  with 
decomp. 

Anat.  (  a led.  for  Ci'll.iFcJlic:  (\  42.09:  H.  3.18;  Fe, 
19.57 ;  11k,  35.10.  Found:  C,  42.01,  41.99:  II.  3.28,  3.15: 
Fe  19.40,  19  41;  Hg.  35.10,  35.24. 

In  two  additional  exjiemnents  both  forms  of  V  were 
obtained  in  each  case.  The  infrared  spectra  of  hot  it  forms 
of  V  (nulls  in  NujoD  were  c*  npletely  identical. 
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Part  2.  Some  Knluction  Products  of  Benzoylferrocene  and 
U'-Dibenzoylferrocene 1 


\Hsm\<  T  The  reduction  of  turn zoyl-  and  I.T -dihen zovlferrocene 
to  henzyl-  und  I .I'dihenzylferroeene  has  been  accomplished  by 
either  catalytic  hydrogenation  or  hy  reduction  with  sodium  and 
ethanol,  l-llvdraxybenzylferrocene  has  been  prepared  hy  the  so¬ 
dium  horohvdride  reduction  of  benzoylferrocene ,  while  the  reduction 
of  I .  I  '-dilwn  zttylferrocene  with  lithium  aluminum  hydride  has 
produced  l.l'-tlH  I  -hydraxyhen  zvl) ferrocene.  The  action  of  a  num- 
her  of  other  mincing  agents  on  these  aryl  ferrocenyl  ketones  is 
discussed. 


In  the  Kriedel-( 'rafts  reaction  of  ferrocene,  ben¬ 
zoyl  chloride  and  aluminum  chloride,  both  hen- 
zoylferrocene  (I  H 3  and  l.l'-dibenzoylferrocenc 
(II  )*■*■*  have  been  reported  to  be  formed.  We  have 
further  investigated  this  reaction  and  have  found 
that  by  varying  the  method  of  addition  and  the 
molar  ratio  of  the  reactants,  both  I  and  II  can  be 
prepared  in  yield"  mare  satisfactory  than  any  thus 
far  reported. 

Although  Csendes'  has  reported  the  preparation 
of  benzoylferrocene  oxime,  our  attempts  to  prepare 
oximes,  phenylhvdrazones,  and  p-nitrophenylhy- 
drazoncs  by  the  usual  methods  were  not  successful. 
By  resorting  to  more  drastic  conditions,  however, 
both  benzoylferrocene  oxime  ami  I ,  I  '-dibenzoyl- 
ferrocene  dioxime  were  obtained. 

TheC’letnmensen  reduction  has  successfully  been 
applied  to  the  preparation  of  ethyl-,**  n  propyl-,3 
n-butyl-,3  and  long  chain  alkylferrocenes7  from  the 
corresponding  ketones,  as  well  us  to  the  prepara¬ 
tion  of  1,1'  dibenzylferrocene  (Mil3  from  II.  The 
reduction  of  l  by  the  Clemmensen  method  pro¬ 
ceeded  anomalously,  however.  I'pon  extensive  re¬ 
fluxing,  a  small  yield  ol  the  expected  product, 
benzylferroccne  (IV),  was  obtained,  although  the 
primary  reduction  product  was  an  as  yet  unidenti¬ 
fied  high  melting  orange-red  solid  (V).  In  several 
experiments  V  was  the  only  product  isolated  from 
the  reaction. 


CHsCdh 


III 


CIIiCaH* 


CHAH, 


IV 


The  reaction  of  I  with  the  binary  mixture,  mag¬ 
nesium-magnesium  iodide,  has  been  carried  out  in 
this  laboratory  and  elsewhere3  to  produce  small 
yields  of  a  reduction  product  (VI)  similar  in  ap¬ 
pearance  and  properties  to  A’.  The  ultraviolet  and 
visible  spectra  of  V  and  VI  i  re  completely  iden¬ 
tical,  while  the  infrared  spectra  are  very  nearly 
identici  I. 

It  was  initially  suspected  that  the  reduction 
products  V  and  VI  were  the  .vgm-pinacol.  since  the 
magnesium-magnesium  iodide  mixture  is  com¬ 
monly  used  for  the  preparation  of  pinacols  front 
aromatic  ketones’1'  anti  the  Clemmetisen  reduction 
of  aromatic  ketones  occasionally  produces  pinacols 
rather  than  hydrocarbons.10  Vtmrrous  elemental 
analyses  of  both  V  ami  VI  have  indicated,  howevi 
that  only  carbon,  hydrogen,  and  iron  are  preser 
eliminating  the  possibility  of  a  pinaco!  m  ulL. 
oxygen-cot  turning  compound.  The  structures  of 
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V  and  'T  are  currently  being  investigated  and 
detailed  information  will  he  published  later. 

Attempts  to  reduce  II  using  magnesium-mag¬ 
nesium  iodide  in  etlivl  ether -benzene  solution 
either  at  room  temperature  or  at  reflux  resulted  in 
the  formation  of  an  insoluble  complex,  and  after 
hydrolysis  only  tarting  ketone  could  be  recovered. 
Preliminary  experiments  indicate  that  reduction  of 
FI  does  occur  when  solventr  capable  of  producing 
higher  temperatures  are  used. 

While  I  did  react  with  magnesium-magnesium 
iodide,  it  failed  to  undergo  two  other  reactions 
which  are  commonly  uses!  to  reduce  aromatic  ke¬ 
tones  to  bimolecular  derivatives.11  11  When  I  was 
stirred  several  days  at  2’>°  with  powdered  zinc  and 
glacial  acetic  acid,  only  starting  ketone  was  re¬ 
covered.  In  an  attempted  photochemical  reduc¬ 
tion  of  I  in  2-propanol,  nearly  all  the  ketone  was 
recovered  after  10  days  exposure  to  sunlight,  and 
only  a  very  small  amount  of  insoluble  material  re¬ 
sulted.  This  appeared  to  contain  mostly  iron 
oxide  together  with  a  trace  of  carbonaceous  ma¬ 
terial.  It  has  since  been  observed  in  this  labora¬ 
tory  that  certain  derivatives  of  ferrocene  in 
hydroxylio  solvents  are  subject  'o  photochemical 
decomposition.  In  e  control  photochemical  exper¬ 
iment  using  hen/.ophenonc,  a  97%  yield  of 
benzopinacol  was  obtained. 

Roth  I  and  II  could  be  reduced  to  the  corre¬ 
sponding  hydrocarbons  IV  and  III  bv  either 
catalytic  hydrogenation  or  by  “chemical-'  hydro¬ 
genation  using  sodium  and  ethanol.  Although 
both  reactions  proceeded  smoothly,  the  latter  was 
more  rap'd  at  d  produced  much  belter  yields. 

It  has  been  reported  1  that  the  reaction  of  I 
with  aluminum  isopropoxide  in  isopropanol  pro¬ 
duced  1-propoxybenzylferrocene.  In  a  similar 
experiment  in  which  the  reaction  w  as  carried  on!  at 
higher  temperatures  using  xylene  as  the  solvent, 
we  isolated  a  small  yield  o(  IV.  In  only  one  other 
case  has  the  reduction  of  a  ketone  by  aluminum 
isopropoxide  been  reported  to  yield  a  hydrocarbon, 
namely,  the  reduction  of  9,9-dimcthylanthrone-IO 
in  xviene  solution  to  9,9-dimethyl-lO.IO-dihTdro- 
anthracene.1' 

The  reduction  of  I  with  sodium  borohydridr  in 
aqueous  ntelhanolic  solution  proceeded  smoothly 
to  produce  the  expected  carbinoi,  1  -hydroxy I'enzyl- 
ferrocenc  (VI 1 1  11  was  likewise  reduced  readily 

with  lithium  aluminum  hydrid'  in  ether-l»e.uenc 
solution,  and  the  tarrv  residue  which  resulted  was 
purified  to  yield  l.r-di(l-hvdn)xvben*vl)frmicene 
(VIII). 


VII  VIII 

i:\PKltt  M  KNTAI.  " 


Hr ti:r>>i\trrn*rnr  I .  I  w:i>  |x»t  prepared  by  the  drop- 
wi-e  addition  of  a  -olulimi  of  equimolar  qilautitir-  of 
Ih-oxovI  chloride  amt  aluminum  chloride  to  an  ri|iiitnotar 
<|iianti(«  of  ferrocene,  u-inx  methylene  chloride  a'  the 
solvent.  After  hvdroly-i-  and  product  w-orktp,  70  7.VJ 
yield-  of  dark  red  needle-  of  I  wee**  obtained  lev  .'ccry-tall'- 
zation  from  methanol,  mp  I0VI  10W.3*  (lit.*  I II, a 
1 12.0*1.  Kxten-ive  refluxitiR  follow  ins  the  addition  usually 
re-tilted  in  lower  yield-  of  I  accompanied  by  increa-ed 
amounts  of  tar-. 

/ . f *- :n'/!frrrorriir  (IP  V  tnmiiftcation  of  the  pro- 
rrtltire  already  reported  •  w a-  adopted  lay  addins  the  ferro¬ 
cene  in  inethylene  chloride  -oluti-tn  to  -liRlitly  greater  than 
two  equivalent  each  ol  liemoyl  chloride  and  aluminum 
rhloridr  in  the  -ante  sob  mil.  Iti  llii-  mat1  per,  si  III'; 
\ie|d-  cf  II  were  obtained  in  Iht  form  of  pur-lie  needle-, 
m  p  106.3  106.7*  (lit.*  103  106*1 

f./’-filliearoyf/rrrorrae  liianmr.  A  solution  of  2.0  *  of 
II.  4  0  s  of  hytlroxylatninr  hydrochloride,  and  10. 0  r.  of 
|Hita-.-ium  hydroxide  ill  100  ml  of  93 '  c  ethanol  wa-  re¬ 
fluxed  for  4  hr.  The  reaction  mixture  was  poured  into  400 
ml.  of  water  and  aridiried  with  dilute  hydrochloric  acid.  A 
yellow  -olid  wriahinR  IS  f  separated,  mp  144  I4S‘ 
luncocr with  deeomp  After  -rveral  recrystallitation* 
from  methanol  and  watir.  the  dioxime  «ai  collected  it.  the 
form  of  soldon-yellow-  crystal*  mp.  |>2-I7:»\  with  dev 

la «/  falcd  fer  C't.lt„F'S,Ol:  C.  67  94:  II.  4  7a:  Fe. 
Id  Iti;  N.  6  60  Found:  V,  IS  12.  6\07;  II,  4  63.  4  73:  Fe. 
12  S6.  12  90:  \.  *.».  6  .49. 

ffearoe/feeweac  a/t mr.  In  a  manner  similar  to  the  prep¬ 
aration  of  the  dioxime.  bcnioylferrorene  oxirar  was  ob¬ 
tained  a-  aolden-icllow  crystal*.  n>  p  139  6-1600*  (lit  1 
I60*i 

(rfarlin  »/  I  h)r  Ikt  CtrmmrnMn  A  mixture-  of 

GO  a  of  line  dt  at,  4-3  (  of  mercuric  rhkvtdr,  3  ml  of  eon- 
rent  rated  hydrochloric  add  and  73  ml  of  water  were  stirred 
for  10  min  in  a  1,000-ml .  3- necked  flaak  Sited  with  sorter 
and  reflux  condenser  The  aqueou*  ptuue  wa»  removed  by 
a  pipe!  and  It  a-  amalgamated  cine  was  nutted  arith  30  ml 
of  wale.,  60  ml.  of  concentrated  hydrochloric  arid  and  100 
ml  of  toluene.  Ttu.-r  anas  then  athied  |7.4s  (0  06  mole,  of 
I  and  the  mixture  wae  stirred  under  reflux  for  72  hr  Ih»r- 
tnc  t Hie  period,  dir  JSual  ponton*  4  conccntr-tcd  hydro- 
chlorie  acid  were  added  occasionally  in  order  'o  replenish 
I  hr  concrntralion  of  aetd  Vpon  rool.nc  to  room  lempeea- 
lure  an  appreciable  amount  of  yellow  aclid  ha-  sepa'ate-l. 
and  the  reaction  mixture  writ  Stirred  and  e  ed  with 
hot  toluene  The  combined  toluene  portion  x  whed  to 
neutrality  with  water  and  dried  over  anhydro  -xneaium 
aulfatr.  The  solid  which  remained  after  reap.  .  .ion  of  thc 
-oivcnl  waa  extracted  with  200  mt  if  hot  out  ha  net.  the 
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methanol  Mtliilion  concent  ritrd,  and  water  was  added 
to  thr  cloud  |n»iiit  I  pm*  moling.  .1*  g  of  tw*n«»M«  r;.r- 
rrno  (I  V>  sepnratr*l.  IV  wa*  rrrry.*lallii«l  from  ethanol 
nnd  mater  and  w»*  isolated  a-  yellow  rrynf.il*,  m.p.  73  7l* 
(lit  11  76c*. 

The  tnriliaiHil  insoluMe  portion  va«  r*try*i.il)ii»  ‘l  M,vi<ral 
tittup  froin  nther  xylene  and  hepta-.e.  cyclohexane.  *»r 
n-hr  plane  to  produce  5.0  a  of  at*  orang*  -red  •olid  i  V>.  V 
die*  not  melt  when  a  m*\t>  :  point  determination  mm 
made  in  the  usual  manner,  hot  did  slowly  ib*»«:mp**s.*  wh**n 
united  alaivr  2511 : 

Ana'  Found  <\  71211.  7l  3*:  II.  5 XV  5  13.  Fe,  19  *H. 
10.92. 

When  the  atmve  reaction  a;»»  earn***!  out  u«tng  I**" 
ketone  and  a  shorter  time  «.f  reaction.  V  was  tin-  only 
reduction  produri  isolated. 

HtHncit»n  »»f  /  h>4  tkt  Mimyv  tuny***; *»»»- mi*- 

nr$tum  i/delr  To  a  mixture  of  I  7  a  »U.07W  a  atom  *2 
l»>wdercd  magnesium  in  50  ml  *»/  ethyl  ether  ami  5l)  ml  *3 
dried  hen*.  tie  wa»  added  5  H  g  ‘tM*22  ";.*•••  **f  nditte  with 
stirrihg  After  the  first  few  iodine  rrytuU  had  les-n  added 
the  rear* inti  mixture  w»s  warned  to  initiate  the  rrartion, 
which  prorve«le»|  exothermically  thereafter  Aft**r  al«»ut 
.‘tU  mm.  the  react H>n  ta»  complete  and  the  mixture  was 
nearly  rttlorli^*  T«»  I  lib  mixture  ie  a*  bird  9.3  «  >*11132 
mole'  of  I  in  Sit  ml  t*f  hrti/rhr  A  deep  x  w4cl  ;i*i»»r  fi*rt»wd 
immediately  U(MUi  ••%»»»! art  «*f  the  ketone  with  thr  mixture, 
reminiscent  %4  the  mlof  of  the  mrtal  kdyh  reported  by 
Uomhrrg  and  Baeh.nann4  and  later  workers  Aftrr 
shaking  on  a  mechanical  shaker  overnight  tie*  react h  n 
mixture  va«  hydrulvred  with  360  g  of  kv  mhtam  ng  25  ml 
•if  cx.nrrni rated  hy<tr»*chlerir  ecnl  The  rt  hef-brn/ctw* 
layer  was  washed  with  dilute  mhIiubi  btcarhonat«  **4tita«n. 
dilute  Mttlium  bouIRtr  %oluta»f*.  water.  ami  dried  i»%«  might 
oxer  hnrfitr  Thr  ««4\ent  wa*  evaporated  ah*l  the  **4hl 
N**i«he  was  extracted  with  15*1  m!  of  S*t  mrthamd  Ff 

•he  n«rd*«‘-  ‘!  *  »!•»::  .73*  <4  rfiale  I  *.i>  oM*:t»ed,  m  p 

iu2  lOtl*  uincurr  ' 

The  met  Kano!  uw>lul4e  material  xo  rrrt>*uUiml 
several  times  from  hot  hr  plane  to  produce  *1  7  g  of  VI 
VI  was  obtained  a*  fine  urai*te*red  rnuih.  wKkH  4d  not 
melt  hut  'lowly  decomposed  at  rle\ «t«|  (rmirfalum 

.Uwf  Found  t\  74X5.  74  2*  II.  3  On.  5  25  F*.  I*»  W. 
20  06 

fW|ti/  lyfnfMhM  a/  /  In  a  SQU-tul  huli^xrMlwft 
U*U|r  wefe  placed  I  Tt)  *  <0  03  mule'  of  I.  I  0  g  d  S% 
platinum  o*»  cha*twal.  aul  250  ml  «f  mini ilhrd  I'buland 
The  m  xture  arm*  pUml  «»o  a  Farr  hnlnauutoit  i  ppafmtw* 
•tdcf  a  pressure  of  X5  p»i  .  after  about  3U  hr  a  I'rorrl  f»l 
uptake  of  IHmtcn  wa»  noted  The  catalyst  w:*  4lim4 
and  thr  butanol  solution  wa*  concentrated  ulmwl  to  dry. 
ih»  Several  CTftUaKitihom  -I  thr  rrufar  (mu 
r.‘ halted  and  water  produced  -*  ft  g  *70%  trMi  d  IV*#  ih« 
furtn  of  rrtto*  Irwfirt*.  m  p  72  73* 

fWyfc  lyfryafna  //  A  mixture  of  1 1  9  g  ,0  31 
mote)  nf  12.  2  0  tf  o'  V  platittott:  on  charcoal  an!  250  mi 
cf  fede tilled  1 -butanol  *i«  h\ drug*  n*U  3  a*  described 
above  under  a  pressure  of  65  pM  Uter  17  hr  a  throfetwwl 
hydreyei  uptake  it*  noted  and  the  r»Uly«l  » t>  Altered 
Mammal  d  the  *ol*rt»t  and  several  rt.-tnitBuiUu.*  «d  the 
make  from  hoi  methanol  produced  knt  vrOov  neJlr* 
*«f  III  «*  tfhn|  5  4  g  tekf.  m  p  97  99"  -Jr.  **  |C>2' 


ff*dMrftf>a  nf  /  6y  nmfinm  a  ad  rtkmmnt.  A  mixture  of  I  50 
g.  (0.0052  mole i  of  I  and  50  ml.  of  ah-olute  ethanol  was 
Harmed  to  alum!  t»0'  during  which  time  all  the  ketone 
dissolved.  With  atirring,  ;dwmt  5  j.  of  small  clean  chunks 
<»f  sodium  uietal  wa«  addeti  a:  such  a  rate  aa  to  maintaiu 
rln  reaction  temprrature  lietwren  60°  and  70*.  During 
the  addition  tin*  r* action  mixture  changed  from  a  red  color 
cliararterb*ir  of  the  ketoiw  to  a  thick  yellow -omng,»  solu- 
li«m  Follow  mg  addition  of  all  of  tlie  sodium.  25  ml.  of 
additional  rthan*4  was  ad* led  and  tin*  solution  wa.«  stirred 
at  room  temperature  for  an  a«Mit»ooai  hour.  Water  was 
then  added  until  the  solutHui  leramr  cloudy,  and  the  solu¬ 
tion  wa*  rtioled  After  filtering  ant!  dry  ing.  1.40  g.  (9*rr 
yield  l  of  yellow  lea  fiefs  of  IV  *»s  collected,  m.p.  72-73*. 
tine  rvcrysialli/atHUi  from  etl^aol  and  water  raised  the 
melting  |a>int  to  73.5  74.0* 

taa^  t  alcd  for  rrllltFr:  I*.  7i  H3  H.  5.»i5;  Fe.  20.22. 
Found:  f  74  07.  7101  I!  0  «ii.  H.09;  Fe.  20  11.  20  3 r. 

In  another  exprnmrtit.  a  93%  yield  of  IV  wa«  obtained 
by  *his  proce*lure 

Afr>f-*cfn*a  **f  //  t  h4nm  r/kaaW  In  a  manner  sim¬ 
ilar  to  that  <b*s%*rilwxl  for  thr  reduction  of  I.  aliout  7.5  g.  of 
sodium  wa«  .ofcird  to  a  s«4nt»oii  of  2  00  g  >0  0051  mole1 
>3  II  m  73  ml  of  alaNilut'-  ethanol  at  tiO  70  following 
addition  of  tie*  -odmni  23  ml  of  addi*ion.J  ethanol  was 
adtlej  |*»  the  thiek  yelhtw  solution  and  the  mixture  was 
stirred  for  |  hr  at  mini  temperature  Wat.  r  was  addrH 
and  the  yelbiw  ervstab  which  srparatexl  were  dried  and 
rvrr\»«*llu*-d  fr**m  h«n  ethanol  lame  yrlk»w  needles  of 
II I  were  «4u  otird  weighing  I  00  g  .  m  p  103  106*  From 
thr  methamd  mother  h«|uor  an  ad*btional  0  49  g  of  III 
was  rrcovrrr*!  bar  a  total  yield  of  90% 

!»*/  l  aird  f.*  1  \sllttFr:  <*  79  70.  II.  6.06.  Fe.  13.24 
Found:  C‘  7w  10.  7  35  If.  6  16.  •»  In  Fe  1505.  1502 

\  .nixrtl  nwrlting  pmnt  tc»t  i4  a  amph  of  III  prepared 
iloir  and  a  »amplr  ol*Uiwd  l»y  means  of  cwtalxtlr  htdf*>- 
getia'Km  nrli(  I  intermediate  lrt»  the  two  mrlting 
pos**u  TV  efrafvd  spectre  «4  the  two  umt4n  were 
eh-nttc*) 

In  ai-othef  M|entnrnt.  a  72%  ud|  of  III  ww*  obtained 
bv  th»*  prm*-b*re 

JfdwfKMi  «/  II  *•>  (rfliie  WsauaaM  kpfrnfr  To  a 
slurry  of  I  52  g  t0  04  mulr  >  of  powdrfed  bth»um  aluminum 
hydndr  m  250  ml  of  ether  w a*  added  1 1  9  g  0)0  nob) 
of  It  in  156  ml  «4  Vur«r  and  56  ml  of  r'ktf  over  a  1  hf 
|efw4  TV  reaettrm  mixture  wa*  reOuxed  with  itirrtt; 
for  16  hr  .  nmlr*i.  ml  mart  ether  loDowed  by  rkkitr  an* 
Moniim  chlondr  tohitati  ’  w*  added  After  filtering,  thr 
et We*  phase  ■  m  %a*hrd  with  water  wad  drwd  wset  »>fi* 
rntr  Th ’  salient  exaporwted  lrt  .ia|  a  dark  xurv^t* 
oil  ahwh  we*  induced  to  ruatftfiflr  by  dissolving  it  ta  bn 
methane!  and  raped*  rmlttg  «n  a  dry  aetetswa  bath 
Seven  g  of  a  irQos  mM  ww%  tint*  obtained,  m  p  115 
125*  lunmrr  v  After  repeated  crx ••a!k*»»he<w  fmm  fitW* 
mrihaao4  or  Hhunl.  5  0  g  of  5  lit  wa*  obtamrd  in  thr 
form  of  vriiom  krwfir**.  m  p  136-  137* 

IW  <‘akd  lor  fVHwFetK  i\  72 17.  If.  5  57.  Fr. 

1  t  32  F«u«d  C*.  72  42.  72  42.  H.  5  *5.  a  xg  Fe.  1 1 04 
11  04 

«?*d*rf>«w  y(  i  if  Wtia  Wdj4*4  To  a  «d*ttMi  «f 

2  *G  g  (8  Ot  tadr’  of  I  iw  W  nd  of  aHbod  eo  added  t  * 
g  U  »0  mn4r '  of  wndrum  Ue«4i< «4rwW  ta  it*  -wl  ef  water 


The  mixture  t car.  rtirrrd  far  2  hr.  a. id  Ihfn  Altered.  The 
filtrate  vi.«  rooW  in  »rr  and  Ih.  rxrr**  aodium  horohy- 
drtde  wa*  deet»mp<*>ed  with  acetone  NIovinR  the  addt- 
tion  «d  30  ml.  *d  water  and  Hill  9»l  id  Hher,  the  rthrr  |*>e- 
tiun  wa*  w**hed  with  -r  :»ml  dfnd  over  niihvdrtm* 
sodium  *iilfatr  Return  .tl  «.f  tlie  solvent  and  two  rrcrw 

tailixnt  hhi*  from  •  ther-|v,ri4*  um  ether  {traduced  1.9  g 
\ ie!d *  «t  >•»»  »«  rn»inU  vt  VII.  m.|».  *0.3  H 0.5* 

An*),  (.dot  ?«  r,:li,«IVO:  4*.  69  ns.  H,  .3.52:  hr. 
19.12.  hmiMl:  <  Tli.lO.  69  92.  ||.  5  57.  5*7  Kr.  19.1%. 
19.22. 

Ifedacfrea  «/  /  *•/"  "iiumw  t't*prop**n>it  \  -oiitHUi  »d 

S  37  K  (0.013  rmde'  ui  1  and  7  I  g  1 0.036  mok-  id  aluminum 
i*of*fupo\idc  in  I3l>  ml  *d  r« dMilkd  ►propyl  ah>li»l  «:»• 
'tnwlv  di'tilkd  for  I  hr  however.  th**  pfr^eftrr  of  acrtimr 
m  the  distillate  nxikl  not  U-  *leterte*|  In  iinlrr  to  rae* 
the  hwrlHNt  trtnprratiirv.  31**  ml  if  xykne  wa-  ad«fc*d  anil 
the  i«npmf»\  I  ah***h«d  la  ilhtilblloit  l 

timtrd  -*k>w  ilhUlbtmti  at  131  13V  iimiluml  a  di'tillat*- 
(DCtMhini  acvti  :>e  \ltrr  huihf  vM'  with  130  ml  of  lllrJ 
hydrurhtaOr  a***!.  I he  »*r*ah)r  pha«e  »v  *a»hel  with 
Water  and  the  Milvent  «-v**|**C.*t«*d  Hiffi-lalllMtuwi  of 
th*  residue  (ifuilum)  or*  g  id  l»*niylferfor»*he  13  .  m  |» 

73  74"  A  mi\ol  tnehiht  |»at»t  t«~*t  with  an  :;uthetitt** 

v»mpk  tai  not  drper-»^l 

AekhowJfiimimt  Thr  anthw*  lo  r.\prr« 
ihftr  ipprmalKHi  to  Mr  K  K  IWnllrv  tm)  Mr* 
N.  K  Sip  Cor  lor  infmrrd  *pertr*  Wr  mrr  ab© 
vrrv  |?rmtr(uJ  to  Ih*  Hot  IVurtt  of  l hr  Ijntle  i  ’o  . 
•ltd  to  !>r  Kric  lUrfbel  oC  thr  K  I  du  Potil  dr 
Vrmour*  A  Co.  lor  .  for  prrrftwi  **  tuple*  «4 
ferrocene  umsI  to  our  rwrifrlt  pwcrmt 


(II  Presented  in  part  at  the  13IM  Merlin*  of  the  Ameri¬ 
can  Chemical  Society,  Miami,  K!*.,  A|tri!  7  to  12. 
1957;  see  Attract*  of  l‘a|#r»,  p.  17  O. 
t2»  M  Ho^*nli!i»m.  Tbi*'h.  I:»rv»rd  I  niwrutv 

1933  (*i‘  Appendix  >. 

•3  V  WVliky  ami  K.  S.  (ioiikl.  New  Vorl;  S-ction. 
American  Chemical  Society,  Meelin*  in  Miniature. 
March  16.  l!tS« 

■  I1  It.  Rtem'rhnrjdcr  an*!  I).  Helm,  firr.t  *9,  I  VS  flV.'dV, 
■V  V  V  \p'»eyanm  afnl  N.  3.  V’td'krnao.  i**Unt(  i 
.Uwf  A  'ini*  SSSH.  107.  262  '  |  .iV»). 

6  i  S.  Arimoto  am!  A  ('.  Haven,  Jr.,  J.  I m  t'kwm 

S*tr  .  77.  6J9.3  «  19-W. 

7  M  Vi*rl.  M  !>  It.vi-ch.  and  II.  Ri**rnleft  'i?i|i»ih* 

!i-hed  result* 

v  *\|  t  bonU  r*  and  3V.  K  IVichmano,  J  la  Um».  , 
.W  .  19.  216  1 927 

9  M  II  Itau-rh.  IV  K  MrKwen.  and  J  Kk*uilrrc 

'  hrm  !{ft  •  .  ||« 

10  It  t*  |t|Mili,  .  I  »f»  U  ifrytmr  t'krmu  *ff*#.  John 

W  ik>  am!  Snt*r  h  r  \»  w  V*>rli  t|*fe3fl»,  p  3il 

11  33  K  Rirhnuhn  am!  I  II  J  la 

S~  .  VI.  1121  1932 

12  It  I*  2rlm-*ki  and  M  Juri-ch.  J  Am  t'kwm  .w  . 

7%.  mi:  .1936 

13  33  K  H  .cnmtiiti.  t\4l  3‘o4  II.  71 

I9|3* 

14-  \  l.  WihK  ff.oefr»a.  II,  17%  <1914 

1.7  Ml  inrlitta  |»ant«  are  n»ffrrtrd  'ink**  otherwise 
.wtnl  AmI)*'  w  rh-  newk  hv  Sehwwftkofd 
VlirwoMlyiml  Dw/atof)  33'uut4«tck  77.  \  V 
Ik  It  »  llwllam  ami  I*  I.  I‘au mm.  J  Hca  .W  .  »I3U 
1936. 
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Part  I  he  {‘separation  of  Some  \ r y I ferrocene*  and  Alkylferntcenes 


\»ST«  mt  .Virtu/  nrte  at^/rmirmn  a  rut  I ,  I '  •diarxifrmtmrs 
hair  him  prepared  and  rrdurrd  to  ikr  mrmpondin/t  atkvijrrro- 
ernrs  und  l.l '  •dialldfrmxme*.  iurmpts  to  dirrrtlv  aikdatr 
ferrorene  rruiltrd  in  mitturrs  of  pal\ntk\ialcd  products. 


Onf  of  the  first  reaction*  of  ferrocene'  ’  to  he 
investigated  aas  the  FriedcM 'raft*  •rvSlmii  aitli 
acid  rldornies  and  anhydrides  in  the  |irrseiH-e  of 
a  suitable  locals  urnl  catalyst'  under  conditions 
wn  dar  to  those  used  for  preparing  srylltetixnies 
lloacver.  at  the  time  of  thr  incept  ton  of  the 
present  investigation,  no  *u. , ,  vsful  atlenipls  to 
directly  alkylate  frrm  ene  !  si*  lieen  reported  in 
the  literature  ’  ' 

In  order  to  prepare  m  senes  of  alkvlfrrmrn  * 
the  duel.  alas  la  t.  at  i  oi  ferrormr  a  as  first  inves¬ 
tigated  and  found  to  he  an  uiisatisfw  loss  svn- 
thetar  method  The  acylation  of  f  error  roc  and 
suharqornt  red  Ur  lion  I  as  then  studied  and  many 
tie*  acvlferrorcoes  and  alky  iferrsactics  ay  nt lie: red 
It  ha*  Keen  found  that  both  ar  y  I  fern*  cites  i| 
ansi  1 .1  ‘-diary Iferroresies  II'  ran  hr  prepares!  «n 
•at is/ act «\  yield  hy  varying  the  ralm  of  ferro- 

o  0 

6  & 

I  n 

>*l*l  r  Morale.  tltmiamtn  «imI 

«k>  •  be  mode  of  addition  I ‘nata pounds  of  type 
I  'tree  prepared  hy  the  drops  nr  addition  of  the 
arid  cl. lor  ale  -ohnnmum  chloride  rutnpiry  to  the 


ferrorene  solution.  using  njuiinolai  amounts  of 
arid  rliIori<|r.  catalys1  and  ferrocene  The  d*su!>- 
stitutrd  derivative*.  II.  * rre  prepared  hv  adding 
the  frrrorrr:;  solution  to  thr  compley  using  » 
molar  ratio  of  (loth  the  acid  rhloridr  anil  the  alu¬ 
minum  rhlorisir  to  ferna  riir  of  grrater  than  J  I 
The  preparation  of  lioth  I  and  II  by  these  pro- 
reilurrs  appears  to  lie  a  very  satisfactory  synthetic 
melliod  l  sing  the  appropriate  prorrslurr.  either 
aas  miiaineil  unroniaminatrd  hv  thr  other  or  hv 
unrearlrsl  f.-ma-me  The  ui  amounted  ferrorene 
aa>  preae-at  )n  (hr  form  of  tars  If  the  reaction 
aas  rsmol  out  at  roost:  tmiprralurr  instead  of 
at  reiluv.  the  amount  of  lar  produced  a  as  roai- 
saler-ihfy  derreasetl  The  yield*  of  t  lie  dll. Hones 
tended  to  decrease  •  It h  increasing  molecular 
artgbt.  proha  hi y  dor  to  si  era  factors  as  arU  as 
dec  reused  reactivity  of  the  aral  blondest  The 
proper!  let  and  analyse*  of  the  ary  If  if  rearms*  and 
1.1  ‘ -diary  Iferraa  roes  are  aummartxed  in  Tahir  I 
The  ratalytir  hydrogenation  of  1 .1  d  tar  etc  I 
(ert  nrme  to  l.t-da-thy  Krcrorrcvr  a  as  surxeaa/ufiy 
earned  cut  hy  Koaes.hlum  lloaryrr.  it  Sal  no 
poannlr  to  ryloal  thta  rear  liar  to  the  higher 
homologies  under  similar  as  sri)  as  stronger  rou 
dittons  although  it  aas  possible  to  du placate 
Roamhlutn's  a  ark  This  is  m  marked  contras, 
to  aryl  alkyl  knemra  ahirh  m  general  we  noddy 
hy  drogmalnt  to  hydrocarbon*  *  (  amojeeatly . 

the  ( Trt.imrtiaeo  red  Ur  tarn  aaa  used  for  the  re- 
-Indian  of  lie-  higher  haswedog*  Rssrmtly.  \e» 
mryeaoi  ami  Vollmse'  have  ward  thta  aant- 
met  heal  for  the  red  Jr  turn  of  wane  ioa  cr  "  .1  ' 


mm  o  4  ...» 


lit 


Table  I  -  Arvlferrocencs 


Ferrocene 

M.P.,  °C.  Yield, 

i+t  1 

/(  I 

c 

Calcd. 

II 

Fc 

Analyst’s 

C 

Found  H 

1 

Hi 

l.l'-Diaeelvl-4  . 

1 

127.  0-  127  5  74 

02.  20 

5.  22 

20.  07 

61.  00.01.  dS 

5.  20,  i.  IG 

20.  83.  20  01 

l.r-Dicaprvlyl1 

54.  S-56.  0  <*.5 

71  23 

8.  74 

Id.  74 

71.  55,  71.  70 

H.  80,  8  8!) 

13.00, 

12.  08 

l.l'-DicaprvIvP 

68.6  60.8  41 

72.  SO 

d.  38 

II.  2d 

73.  00.73.  17 

0.  38.  d.  27 

II.  57. 

1  1.  40 

1, 1'-Dihurrovl-' 

7fi.fi  77.  1  44 

74.  17 

d.  88 

10  14 

74.  38.  74.  37 

d  75.  d  75 

io.  no. 

IO  05 

l.r-Ditridccanoxi  ... 

SO.  0-80.  4  15 

74  7 1 

10  1  1 

9  65 

74  87.  74.  77 

10  10,  1(1.  07 

1  0.  88, 

9  84 

I.l'-Dipalmitnvl-' 

82.  4-83  4  12 

70  10 

10  65 

8.  43 

70.  2d.  70.  Id 

10  30.  10  10 

8.  7d. 

0.  0 1 

PalmitovM  . 

50  0-5:1.  8  Ifi 

73.  57 

d.  50 

13.  Ifi 

74.  07.  74.  07 

0.  53.  0  36 

13.  20, 

13.  27 

■*  Red  ciystullin.  solid. 

h  Urd-orting**  rrystiilliiM*  solid 

'  Salmon-colored  solid.  4  Y« 

How  crystalline 

solid 

Table  II.  Alkylferroeencs 


Feriwiit’ 

M.P..  °(\ 

H.P.,  °(\ 

n2,4  Yi*dd, 

< 

c 

Call'd 

II 

Analyses 

Fe  C 

Found 

11 

Kc 

l.l'-DiethvI-’ 

J  -35 .  0* 

S7-S!» 

1.  5701  t»0 

liH  45 

7  40 

23  06 

69.  12. 

7.  36. 

23.  10, 

(1.15  mm. 

00  1 1 

7  28 

22  86 

1,1  '-Dioctvi-4 . 

.  -  Ifi  0' 

190  Id3 

1  5214  5.8 

7li.  07 

10.  32 

13  111 

70  30 

10  27. 

13  00. 

0.15  miii. 

76  10 

10.  49 

13.  01 

l,l’-Dideevl-* 

11.  .V 

107  205 

15142  50 

77  23 

10.  SI) 

11  97 

78.  o;. 

10.  89. 

II  47. 

«.0I  mm. 

77.  7K 

10  69 

11  43 

l.l'-Didodccvl-'  ' 

.  30.  fi  30  S 

78.  13 

11  .9 

111.  08 

77.  89, 

It  01. 

10.  7  2 

77.  93 

IO  08 

10  93 

I.I'-Ditridecvl-v 

38  0-  3d  0 

32 

78  51 

1 1  35 

IO  14 

78.  15. 

II  07. 

IO  40. 

7K.  17 

II  01 

10.  <1 

U'-Dihexadecvl-'.. 

41.  2-42.  4 

33 

70.  15 

11  75 

8.  SO 

79  59. 

11  56. 

8.  82. 

79  27 

II  65 

9.  13 

Mexadecvl-*  .. 

55  0-55.  6 

77 

7t»  OK 

10.  32 

IS.  01 

7fi  no. 

Hi  32. 

13  43. 

76.  20 

10  20 

13  65 

1  Dark-red  liquid.  *  Melting  |<<»»nt  value  obtained  from  reference  7.  •  37  1.0076;  M.R.  12*. 12.  4  37  0.9863; 

M.U.  140.0!.  *  Yiibiw  crystalline  -olid.  'Two  unsaturated  coinpoui;  Is.  melt  in*  |xiiiit-  .12  1  33.4“  and  37.2  3X.S’ 

(tincorrd,  were  the  only  product*  isolated  from  the  initial  Cicntmen.sen  reduction  Itoth  exldbitril  strung  absorption  in 
the  Iran*  double-bond  repon  of  the  infrared  I  It). 3  microti a:;.!  both  soold  !*■  !■>  dioaenabai  to  the  r\|<rvusl  eom|>ettud. 
In  a  repent  experiment.  I.r-didoderylfcrroccne  wa-  obtained  direct;.-'. 

diiicylferrooents.  The  properties  anti  atm  lyses  of  eene,  the  corresponding  ^substituted  derivative, 
the  alkylferroetnes  hiiiI  I . I  '-dinlkylferroeenes  are  which  is  very  unusual  among  substituted  aromatic 
summarized  in  Table  II.  roinnoutnis. 

l.l'-Diethvlferrocene  deeomposetl  to  a  ronsitler-  The  question  arises  whether  thediacylferrocenes 
able  extent  after  standing  for  several  months,  even  and  dialkylferroeenes  art-  symmetrically  or  unsym- 

in  the  absence  of  light  and  air.  This  is  in  arronl  metrically  substituted.  Since  none  of  these  rom- 

with  observations  by  oihet  workers  '  ’concerning  pounds  absorb  in  the  .idrared  in  the  region  of  9.00 

this  and  other  low  molecular  weight  liquid  alkyl-  or  9.95  microns  (peaks  in  these  regions  being  intlir- 

fermcenes  On  the  other  hand  I,!'  dioctvi-  ative  of  unsyi.imetricNl  substitution  according  to 

ferrocene  and  I.l'-didecylfirromte.  both  liquids,  tite  date  of  Kosenblum  !  and  of  i'auaon  ’•».  it  was 

appeared  completely  stable  to  air  and  light  after  concluded  that  these  compounds  were  symmetri- 

several  months  storage.  rally  substituted.  The  two  monoaubstituted 

A  point  worth  noting  is  the  unusual  melting  compounds,  palmiloylfcirorrnc  and  hexadecvl- 
point  of  hexaderylferroeene  (55.0  55.fi®>  compart'd  ferrocene,  did  absorb  in  these  regions  as  r-  peeled 

to  those  of  I ,  I  '-diocivlferroccne  (  -  lti.0°)  and  1,1'-  Three  melitotl*  of  direct  alkylation  of  h-mx-ene 
dihexadeeylferrocene  (4 1 .2  42. -J°  Hexadecvlfcr-  were  attempted;  alcohols  atttl  100°!  ph» sphortr 

roccnc  would  be  expected  to  have  a  lower  melting  arid,  as  successfully  used  for  alkylating  bip*><—  \" 

point  than  its  symmetrical  isomer,  1 .1'-dioctylicr-  alcohols  ami  aluminum  chloride,  and  alkyl  r* 

rocene,  hut  it  docs  not  Also.  Iiexa  lecylferrocene  and  aluminum  chloride.  All  were *u*-re*afi  the 

is  higher  melting  than  even,  1,1  '-tlihexadecvlfcrro-  extent  that  little  or  no  «  treaded  ferrocene  could 
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be  recovered  by  steam  distillation.  However,  the 
product  was  always  a  mixture  uf  j<olyalkylaled 
liquid  ferrocenes,  boiling  over  a  wide  rtuij;r,  or 
undistillahle  tars,  We  weie  unable  to  obtain  any 
pure  fractions  upon  distillation,  and  it  appeared 
that  the  yield  of  any  one  piodtict  was  small. 
Xesine -anov  and  Kochetkova  have  recently 
reported  similar  work  using  alkyl  halides  and 
aluminum  chloride.  They  were  able  to  isolate  by 
distillation  mono-,  di-,  and  pcnta-alkylated  ferro¬ 
cene-  in  very  small  yields. 

KXI'KBIMKXTAI." 

tJ'^Oiafytfrrraeeiif*  (111.  All  l.r-di;ic\|f»‘rruci‘ni*>  wrn* 
prepared  by  the  reaction  of  the  appropriate  arid  chloride 
with  alumiium  chloride  ami  ferrocene.  A*  a  typical  ex¬ 
ample,  1 . 1  ’-dirnprv  tv  Iferrocctte  was  prcjiared  by  adding  120 
g.  (0.90  motel  of  anhydrous  aluminum  chloride  in  350  ml. 
of  methylene  chloride  (dried  owr  calcium  hydride*  in  a 
2-liter,  3-neckcd  fla.sk  e«piip|»*tl  with  stirrer.  reflux  cun- 
denser,  and  additional  funnel.  A  nitrogin  atmosphere 
and  •tirring  were  maintaitted  throughout  the  reaction. 
Through  the  addition  funnel.  Mti.5  g.  lO.'.M)  moh>  of 
caprylyl  chloride  (prepared  from  ca  pry  lie  aciu  and  thiony! 
chloride  in  $0rJ  yield*  wa*  slowly  added.  di"o|ving  the 
aluminum  chloride.  A  .solution  of  1*5. 1  g.  (0.  i5  mole)  of 
ferrocene  in  350  ml.  of  mrthylrne  chloride  wa«  added  drop- 
wise  over  a  period  of  *2  hr*.  Head  ion  wg«  immediate  a% 
evidenced  by  the  evolution  of  hydrogen  chi  *ridr  and  the 
formation  of  a  dark  purple  cotnjdcx  After  70  hr.  of  *tir- 
ring,  hydrogen  chloride  « volution  had  reaped  and  the 
reaction  mixfure  hydrulv  **d  by  lamring  if  unto  500  g 
o:  ice  The  tttoph.r*p  sy-tem.  which  was  badly  rmul*;- 
fied.  liitrrrii  tinier  vacuum  ami  the  phase*  »ra-  sc|kv* 
rated.  The  organic  pha*r  wa*  washed  until  neutral  and 
dried  over  at.  hydrous  rale  mm  -ulfntr  Th**  met  b>  hue 
chi*  Hk-  -oiu!:-n  filtered  free  of  drying  agent  and  the 
solvrnt  e  vapor* >d  tthdet  an  air  stream  TV  CTu*b*  j*f**l- 
uet  was  reervat  alii  ted  twice  from  methanol  virtdirg  100  Og 
yield'  of  orange-**rd  crystal*.  m  p  50  52*  vunrorr  ). 
An  analytical  sample  tu*  obtained  aft»  r  two  additional 
r*-rry*taUtiation*  from  methanol,  tup  31*  5»0*  See 
Tahir  I  for  the  analyse 

t\ktmnt»i/lfrrrmrrnr  The  rt|Utpn.rnt  ami  prweduro  *.*rd 
were  the  umf  a*  for  the  preparation  tm  l.t'-dtaryl- 
ferror-nes  *  :th  ttw  -  *erpt ton  that  t hr  mo*V  of  addr  mo  wa* 
trvrrwHl  A  eilrticw  of  153  I  g  t0  35%  moh-i  o#  pcvlmttovl 
rhlondr  iprrjwr.d  ie  Wr,  trW  from  palm  tic  »ctd  an.l 
thkonvl  chloridr >  and  77  %  g  *1  5Sx  mo|r>  -U  aluminum 
chloride  in  200  ml  of  anhvdroo*  u-rtht  Irttr  chloride  *»♦ 
addr*.  t's.’jttMv  over  a  2  •*  hr  prrtod  to  101  a  |  < 0  55X 
moh*‘  0/  frrrrwvne  dissolved  in  ^  ml  «f  tnrthyktir 
chloride  After  stirring  overnight  tV*  rear  iron  mixture 
worked  up  and  *Sr  etude  product  »*#d-»ted  tHw  re. 
r«y*talhtalion  from  nwthannl  jrv»ttifr.|  lift  I  g  *45x''„ 
\ i»**d  «f  v«-?V*w  -ry»td*.  mp  57  0  5a  7"  \n  analytical 
oetplr  was  obtained  aftrf  00 «-  *mv*tal)nil«nn  frotu 
methanol.  in  jt  V>  0  Vi  %*  Sex-  TaI*It  |  fo*  the  atvalvos 


II ydrngr nation  of  /. / '-'linrrtt/lfrrrocfnr.  In  n  500-ml 
hydrogenation  !>uti!e  wen*  placed  I0.K  ^  (0.010  mole)  of 
I.IVlincetylfernifiMie  dissolved  in  300  ml.  of  tnei  Hanoi  and 
1  g.  of  V,  pl.-.iinum  on  charcoal.  The  mixture*  ,va.*»  placed 
in  a  Parr  hvdroxenatiuu  apparatus  at  a  pn>sun  of  50  p.s  i. 
After  '21  hr.  the  hydrogen  uptake  had  reached  the  theoret¬ 
ical  value.  Tin  solution  was  filtered  fn*e  of  catalyst  and 
the  methanol  stripp'd  off.  Distillation  of  the  crude  prod¬ 
uct  at  reduced  pressure  gave  5.7  g.  (00rP  yield)  of  a  dark- 
red  liipiid  with  a  strong  camp  horn  crons  odor,  h.p.  H7-.S9° 
at  0.15  linn.,  ni'  1.5701.  Hosetibhim  rc|M>rt*  h.p.  130-131 
at  *»  mm  .  «J*  »  ‘7f»0.' 

Attempts  to  hydrogenate  the  higher  1 , 1  '-diacyl  ferrocene^ 
under  similar  conditions  and  r.iso  at  elevated  temperature" 
gave  starting  material  as  the  only  isolatable  product. 

f ‘lrmmrn*rn  rr>t nation  of  nrtft-  and  1,1  ’-duir:d ferrocene* 
The  acyl-  and  l.l '-diary  Ifrrrocviies  were  reduced  to  the 
r«>rrr"| Hindi iu*  alkvl  derivatives  by  refiuxing  with  dibit 
hvdriN-hloric  acid  and  amalgamated  jinc.  In  a  typical 
experiment,  200  g  of  granular  zinc  was  amalgamated  try 
-tirrmg  5  min  with  15  g  of  mercuric  chloride,  250  ml.  of 
water,  and  »0  ml  of  concent rattsl  hydrochloric  acid  in  a 
l -liter,  3-n**cked  l!a>k  etjuippf!  with  a  stirrt-r  and  reflux 
eonden-^r  TV*  aMUeous  phase  was  pip*tte<l  off  and  100 
ml.  of  water.  -Hit)  ml.  of  concentrated  hvdrochioric  acid. 
13. s  g  tO  10  moh"  of  l, r-dicaprylylferrocene.  and  100  ml. 
of  lieniene  were  ad«h*d  «,urklv  in  that  order.  The  mix*ur** 
wa>  brought  to  reflux  and  «tirr«*d  vigoroiislv  so  that  the 
amalgam  was  in  contact  with  Imth  |»luts«*s  At  intervals 
during  1  In*  reaction,  four  uO-ml.  |H>rtiotts  t»f  concentrated 
hvdrocbloric  aci«l  were  adtlet)  to  maintain  the  acidity  of 
the  solution  After  32  hr  the  mixturt*  was  brought  to 
room  temp-iatuie  and  filtered  free  of  amalgam  The 
amalgam  was  wa»!»ed  with  ether  and  the  comUned  organic 
phi-e  extractral  with  wa*rr  to  neutrality  and  dried  over 
ahhvdntU'  calcium  sulfate  After  filtration  from  the  dry¬ 
ing  .«*»  oi.  tl»*-  mh*>  u  ..  .  *-d  »der  an  a‘r  sirrntw 

The  «rude  pr^di^rt  was  drilled  twi*e  under  reduced  pnf'- 
-ufe  thrtetgh  a  heaietl  tbinch  Vigmi*  colu  nn  yielding  ‘23> 
<  >.b‘V  yield)  of  a  dark  red  litjuid  h  p.  *90  *93*  at  0  15 
mm  See  Table  II  for  the  analysis 

The  sol »f t  alkyl-  And  l.l‘-<balkvlfefmcenes  were  purified 
by  reery  stair  tat  ion  from  acetone 

Ihrrrl  m  •//<.-; ott nt  As  a  typical  example,  J5.fi 

t  (0  192  mole>  of  ferrocene,  40  0  g  *0.30  m»k'  of  anhy¬ 
drous  aluminum  chloride,  and  100  mi  of  dry  methylene 
chloride  were  pi  a  red  in  a  .50- ml  3-t>rckrd  flg.sk  equipped 
with  stirrer,  teflux  condenser  and  addition  funnel  Stirring 
and  a  nitrogen  atmosphere  were  maintained  throughout 
tV  ren^tioo  A  solution  of  |7.fi  g  tO  20  mole'  of  f-amyl 
aleoi^l  it*  50  ml  of  dry  methclme  rKkrkh  wa»  added  ov  *f 
a  ptKxl  of  I  5  h.  Afiet  lx  hr  .  the  mixture  wa*  hydro* 
Ivred  with  tee  water  ard  nrttlralited  with  sodium  hydrox¬ 
ide  Mdution  A  steam  distillation  failed  to  produre  any 
tmrr .tried  fmoirnr  The  ressdue  from  the  steam  dtstilla- 
l»s  was  rxt farted  with  lennw,  the  itnww  *olutk*n 
w  ashed  with  wafer,  and  dried  over  ralmttn  cUWwide  After 
filtratwvn  from  l**<-  .1,'ums  ill,  the  solvent  was  evaporat  d 
un<*er  an  air  stream  The  crude  product  was 
t  w  1  *e  under  reduced  prrMigc  throvtgh  a  21-inch  colum: 
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packed  with  0.25-inch  glass  helices.  The  main  fraction, 
:i  dark-red  liquid,  weighed  5.0  g.,  b.p.  02  64°  at  0.1  mm., 
a”  1.5683.  The  elemental  analysis  was  intermediate 
between  those  calculated  for  the  mono*  and  disubstitutinl 
deri  v  at  i  Vi's. 

Anal.  Calcd.  for  (\  H»Fc:  C,  70.34;  H,  7.87;  Kc,  21.79. 
Calcd.  Cj»  II*.  Fp:  (\  73.6‘i:  II,  9.27;  Fp,  17.11.  Found: 
C.  72.17,  72.2s ;  II,  s|«l.  S.M;  Ke,  10.57,  19.55. 

Similarly,  fer*o  ne  was  alkylated  with  n-decyl  alcohol 
and  with  n-decyl  chloride  by  refluxing  several  days  with 
excess  aluminum  chloride  in  methylene  chloride  solution. 
The  reaction  of  ferrocene  with  either  #-amyl  alcohol  or 
n-arnyl  alcohol  for  se\;*ral  hours  at  110  115°  with  100% 
phosphoric  acid  as  the  solvent  also  |>rodured  alkylated 
derivni j\ e*.  The  products  in  r\crv  c;i>r  were  mixtures  of 
liquid  alkylferrocenes.  none  of  which  couh!  1*  readiK 
-rpurated  into  pure  cnm|>ound>  l»y  distillation  or  by  chro¬ 
matography  on  alumina. 

Arlrnov'isihjmtHtx.  The  iiuthors  wish  to  express 
their  apprecintion  to  Mr.  F.  F.  Bentley,  and  Mrs. 
X.  K.  Srp  for  the  infrared  spectra,  ami  to  Dr.  Kric 
Barthel  of  the  FI.  I.  du  Font  de  Nemours  and  Co.. 
Inc.  and  Dr.  Boy  l*rnett  of  the  Linde  Co.  for  gen¬ 
erous  samples  of  ferrocene  which  have  l>een  ured 
in  this  research  program. 
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Selected  Fluorine-Containing  Polymers 


W.  R.  GRIFFIN 


Abstract — The  development  of  a  room  temperature  vulcanization 
system  for  selected  fluorine-containing  polymers  is  described.  A 
theory  is  posttdated  to  explain  the  vtdcani zalion  involving  attach¬ 
ment  of  reactive  sites  to  the  polymers  at  delated  temperatures 
follotved  by  cross-linking  through  these  sites  at  room  temperatures. 
The  formulation,  characteristics  and  test  data  are  given  for  a 
hexafluoropropylene-vinylidene  fluoride  copolymer  (Viton  A*) 
vulcanized  by  this  system.  The  technique  appears  applicable  to 
the  preparation  of  sealants,  aerodynamic  smoothers  and  other 
related  materials  urgently  required  by  the  Air  Forte  for  advanced 
lehides. 


Section  1 


INTRODUCTION 


This  report  concerns  the  development  of  a  room 
temperature  vulcanization  system  for  fluorinated 
hydrocarbon  polymers. 

Room  temperature  vulcanization  is  a  necessary 
feature  of  the  polymeric  liquids  used  for  fuel  tank 
and  cabin  pressurization  sealants,  potting  com¬ 
pounds  and  many  .ther  related  products.  With¬ 
out  this  feature,  delicate  electronic  equipment, 
large  wing  and  cabin  structures,  and  perhaps  whole 
aircraft  would  require  exposure  to  normal  vulcani¬ 
zation  temperatures  (275°  to  320°  F).  While 
such  exposures  are  not  impossible,  the  need  for 
high  vulcanizing  temperatures  has  discouraged  the 
use  of  many  elastomeric  polymers  which  would 
have  otherwise  provided  a  basis  for  sealant 
materials. 

Subsonic  aircraft  operating  under  the  environ¬ 
ments  encountered  during  world  wide  operation 
(—65°  to  160°  F)  have  employed  sealant  materials 


based  on  liquid  polysulfide  polymers  and  have  been 
generally  satisfactory.  However,  they  are  limited 
in  thermal  stability  to  275’  F  and  with  the  advent 
of  supersonic  aircraft,  the  need  for  sealant  mate¬ 
rials  in  the  500°  600°  F  range  became  urgent. 

The  fluonnated  hydrocarbon  elastomers  were 
known  to  poosess  the  necessary  thermal  stability 
and  fluid  resistance,  (1)  but  prior  ti>  the  investiga¬ 
tion  described  in  this  report  required  300°  and 
400°  F  temperatures  with  applied  pressure  for 
complete  vulcanization.  Although  liquid  poly- 
mere  oi  this  type  were  not  available  during  the 
investigation,  the  room  temperature  vulcanization 
of  dry  polymers  prepared  from  solvent  solution 
was  believed  feasible  and  would  be  a  useful 
contribution. 

The  approach  was  based  upon  the  assumption 
that  reactive  “handles”  attached  to  polymers  at 
normal  vulcanization  temperatures  (275°-320°  F) 
could  provide  reactive  sites  for  room  temperature 
cross-linking  by  another  agent.  The  commer¬ 
cially  available  fluorinated  polymer,  Viton  A  (21 
(a  copolymer  of  hexafluoropropylene-vinylidene 
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fluoride)  wa«  selected  for  study.  It  was  modified 
by  n  reaction  with  dinllylaminc  in  the  presence  of 
magnesium  oxide,  followed  by  attempts  at  vul¬ 
canization  with  a  ariety  of  cross-linking  agents. 
The  materials,  methods  of  preparation,  and  the 
physical  properties  of  \  icon  A  vulcanized  by  this 
system  are  dose  lied. 

While  information  presented  on  actual  prep¬ 
aration  of  sealant  materials  is  quite  preliminary, 
with  many  facets  yet  to  lie  explored,  this  discovery 
could  provide  a  major  break-through  in  the 
development  of  sealant  materials  for  the  ">00°  to 
(100°  F  range. 

Section  2. 

KXIM, ORATORY  CROSS-LINKING 
STl'DIKS 

The  general  approach  used  in  this  development 
was  based  upon  the  assumption  that  reactive  sites 
could  be  attached  at  elevated  temperatures  to  the 
polymer  and  attacked  at  room  temperature  by  a 
suitable  cross-linking  agent. 

Early  attempts  to  vulcanize  Viton  A  at  room 
temperature  were  through  chelation.  The  poly¬ 
mer  was  reacted  for  one  hour  at  300°  F  with  two 
parts  of  diethanolamine  in  the  presence  of  mag¬ 
nesium  oxide.  Following  this  'reatment,  the 
modified  poly  mer  was  refined  on  a  tight  mill  to 
insure  a  uniform  dispersion.  This  product  was 
then  dissolved  in  methyl  ethyl  ketone,  mixed  with 
one  part  of  cobaltous  chloride  and  flowed  out  on  a 
steel  plate.  After  five  days  at  room  temperature, 
the  flowout  attained  a  good  state  of  vulcanization. 
The  cobaltous  ion  was  erroneously  assumed  to 
have  been  chelated  by  the  attached  diethnnola- 
mine  and  the  cross-linking  to  have  resulted 
because  the  ligand  was  attached  to  the  polymer 
chain. 

While  the  early  work  yielded  much  valuable 
information  on  solvents,  processing  techniques 
and  reactions  of  fluorinated  polymers,  cross- 
linking  through  chelation  appeared  to  be  plagued 
by  too  many  complex  variables  to  emerge  as  a 
practical  system.  However,  much  evidence  sup¬ 
ported  the  original  assumption  that  the  secondary 
amine  of  diethanolamine  would  react  with  selected 
fluorinated  polymers  and  result  in  an  adduct  to 
the  polymer  chain.  The  eventual  solution  to  the 
problem  of  a  practical  room  temperature  cross- 
linking  system  employed  this  reaction  to  attach 
pendant  groups  which  contained  carbon-carbon 
unsaturation. 


Section  3. 

THE  ROOM  TEMPERATURE  VULCANI¬ 
ZATION  SYSTEM 

Inlniiluclioii-  The  exploratory  investigation 
suggested  that  a  secondary  amine  structure  would 
attach  to  the  polymer  chains  without  causing 
vulcanization.  Diullylamine,  for  example,  pos¬ 
sesses  the  necessary  secondary  amine  for  attach¬ 
ment  and  carbon-carbon  unsaturation  for  low 
temperature  cross-linking  sites.  Therefore,  after 
considerable  experimentation,  a  system  was  de¬ 
vised  for  investigating  this  amine  as  a  method  of 
introducing  reactive  sites 

Formulation — The  principle  ingredients  of  this 
system  were  the  fluorinated  polymei,  magnesium 
oxide,  medium  thermal  carbon  black,  diallylamine, 
and  hexamethylene  dithiol.  As  previously  stated, 
the  fluorinated  polymer  was  Viton  A.  Briefly,  the 
intended  functions  of  the  various  ingredients  of 
this  system  r.e  as  follows: 

Magnesium  -decomposes  the  amine  hydro- 
lmlide  salt  which  is  formed  when  the  amine  and 
the  polymer  react  and  stabilizes  the  polymer 
during  high  temperature  exposure. 

Carbon  black— provides  high  solids  content 
solutions  with  reduced  nerve  and  enhances  the 
physical  properties  of  the  vulcanizate. 

Diallylamine — provides  in  the  polymer  chains 
reactive  sites  for  room  temperature  cross-linking. 

Hexamethylene  dithiol— serves  as  a  cross-link¬ 
ing  agent  by  adding  to  the  unsaturation  of  the 
reactive  sites. 

Evidence  supported  the  need  also  for  a  basic 
catalyst  and  the  presence  of  moisture  for  the  room 
temperature  reaction. 

While  it  would  have  been  more  disirable  to  use 
a  true  liquid  polymer,  this  system  was  demon 
strated  with  a  solvent  solution.  The  total  system 
was  separated  into  two  parts  as  shown  in  the  fol¬ 
lowing  formulation.  This  separation  resulted  in 
storage  tability  for  each  part. 

Parts  pe. 


hundred 
of  polymer 

Part  I  !/  i Might 

Vitim  A  .  .  It'll 

Mriiiiitn  Thermal  Curium  Black  . .  HO 

Miiunesium  Oxide  .  >  .  .  .  10 

Oinllylamiae .  ' 

Methyl  Ktliyl  Ketone 


Part  H 

llexnnietlivleiie  Ditlmil  -1.5 

T.i-u-aniylnminc  .0.  5 
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Preparation  of  Pa-t  .1— The  ingredients  of  Part 
A,  exclusive  of  the  solvent,  were  weighed  to  tin 
accuracy  of  plus  or  minus  one  percent,  The 
liquid  diallylainine  was  absorbed  into  the  carbon 
black  on  the  balance  to  minimize  loss  and  to 
provide  faster  mixing.  The  polymer  was  banded 
on  a  water  cooled  3"  x  ''  laboratory  mill  with  the 
roll  separation  adjusted  to  provide  a  rolling  bank 
in  the  nip  of  the  rolls.  The  carbon  black  contain¬ 
ing  the  diallylainine  was  added  and  followed 
immediately  by  the  magnesium  oxide.  The 
presence  of  dry  carbon  black  prevented  the  mag¬ 
nesium  oxide  from  caking  on  the  unhanded  roll. 
The  “drop  through’’  was  returned  to  the  nip  until 
all  ingredients  were  in  a  single  mass.  The  mass 
was  then  cut  from  the  roll,  end  passed  through 
close  set  rolls  four  to  six  times  to  provide  a  uni¬ 
form  dispersion  and  sheeted  from  a  wider  roll 
separation  to  a  convenient  thickness  for  the  next 
operation. 

The  sheet  was  placed  in  a  standard  ASTM  mold 
which  had  been  liberally  coated  with  surfactant 
mold  release.  The  mold  was  then  placed  in  a 
hydraulic  laboratory  press  at  300°  F  under  suffi¬ 
cient  pressure  to  keep  it  tightly  closed.  After  a 
reaction  time  of  two  hours,  the  rubber  sheet  was 
stripped  from  the  hot  mold  and  the  surfactant 
removed  with  water.  After  the  flash  was  removed 
and  discarded,  the  siieet  was  refined  on  a  tight 
mill  to  break  up  any  agglomerates  and  to  prepare 
the  stock  for  rapid  attack  by  the  solvent. 

The  ribbon  of  heat-treated  stock  was  weighed 
and  placed  in  a  suitable  container  with  an  equal 
amount  of  methyl  etcvl  ketone.  The  stability  of 
Part  A  prepared  under  these  conditions  exceeded 
three  months  at  ambient  laboratory  temperatures. 
During  longer  storage,  the  magnesium  oxide  or 
carbon  black  may  form  an  unstable  gel  with  the 
polymer  but  this  could  perhaps  be  removed  by 
passing  through  a  paint  mill. 

Preparation  of  Part  R — As  indicated  in  the 
formulation,  Part  B  was  a  mixture  of  hexa- 
methylene  dithiol  and  tri-n-amylamine.  The  hexa- 
methylene  dimercaptan  was  selected  in  preference 
to  others  because  it  had  liquid  state,  low  vapor 
pressure,  and  mild  odor  at  normal  laboratory 
temperatures.  Tri-n-amylamine  was  chosen  as  the 
basic  catalyst  because  it  was  liquid  at  room  tem¬ 
perature,  strongly  basic,  and  found  to  have  little 
effect  in  the  volcanizate  after  high  temperature 
exposure. 

Preparation  of  the  Vvlranirate -  -The  vulcunizate 
was  prepared  from  a  uniform  dispersion  of  Part  B 


into  Part  A  Air  entrapped  during  this  mixing 
operation  was  allowed  to  escape  before  a  flowout 
was  made  on  a  clean  steel  plate.  After  24  hours 
at  room  temperature,  the  flowout  had  sufficient 
strength  to  be  stripped  from  the  plate.  Partial 
vulcanization  had  occurred  during  this  period  as 
indicated  by  insolubility  in  methyl  ethyl  ketone. 

The  catalyzed  solution  remaining  in  the  con¬ 
tainer  retained  fluid  properties  for  three  days. 
The  absence  of  moisture  was  assumed  to  have 
been  the  cause  of  the  long  pot  life. 

Properties  of  the  Vukanizate — The  properties  cf 
the  flowout  were  determined  during  the  cross- 
linking  period.  The  rate  of  vulcanization  at  room 
temperature  was  traced  by  measurements  of 
tensile  strength,  percent  elongation,  hardness  and 
permanent  set  after  break  of  the  specimen.  The 
test  specimens  were  microdumbbells  measuring 
V'  x  V'  in  the  constricted  section  with  W  tabs. 
(3)  The  tests,  except  hardness,  were  performed  on 
a  modified  Twing-Albert  paper  tensile  tester, 
use  1  becutise  of  its  s  nsitivity  to  small  changes  in 
tensile  strength  These  measurements  are  dis¬ 
played  graphically  in  Figure  1.  The  test  data 
obtained  are  presented  in  the  Appendix,  Table  I. 

These  periodic  measurements  indicated  a  good 
state  of  vulcanization  after  seven  days  at  room 
temperature.  Therefore,  test  specimens,  exhibit¬ 
ing  this  state  of  vulcanization  were  selected  for 
high  temperature  tests.  Dumbbells  were  exposed 
to  JP-4  jet  engine  fuel  in  a  pressure  bomb  at 
400°  F  for  70  hours.  The  room  temperature 
vulcanized  elastomer  displayed  excellent  resist¬ 
ance  to  tlie  hot  fluid  and  also  showed  little  addi¬ 
tional  vulcanization  occurring  at  this  higher 
tcinperaUnc.  Similar  samples  were  exposed  to 
.r>00°  F  air  for  70  hours  in  a  circulating  air  oven. 
The  samples  retained  most  of  thtir  original  prop¬ 
erties,  but  results  indicated  that  oxidation  resist¬ 
ance  was  less  than  that  possessed  by  conventional 
Viton  A  vulcanizates.(4)  A  summary  of  these 
tests  is  presented  in  the  Appendix,  Table  II. 

Section  1. 

PROCESS  REFINEMENTS 

During  (lie  investigation  of  the  diallvlamine- 
dimerceotan  system,  several  undesirable  features 
were  recognized : 

A  portion  of  the  diallylainine  was  lost  through 
evaporation  during  the  processing  of  Part  A. 

The  stock  tended  to  stick  to  (lie  mold  during 
the  300s  F  treatment. 
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The  use  of  water  to  remove  t he  release  agent 
caused  a  variable  rate  of  vulcanization. 

Methyl  ethyl  ketone  as  the  solvent  tended  to 
form  blisters  in  flowouts. 

Hexamethylene  dithiol  was  not  commercially 
available. 

Attempts  have  been  made  to  overcome  these 
difficulties.  For  example,  the  partial  loss  ot 
diallylamine  during  the  milling  operation,  prior 
to  the  heat  treatment,  was  recognized  as  a  large 
variable  in  the  formulation.  This  difficulty  was 
overcome  by  forming  the  less  volatile  hydro¬ 
chloride  of  the  diallylamine.  Since  the  strongly 
basic  magnesium  oxide  used  in  the  original  formu¬ 
lation  decomposed  the  hydrochloride  during  the 
milling  operation,  it  was  replaced  by  magnesium 
carbonate. 


Methods  to  eliminate  the  use  of  water  for  re¬ 
moving  mold  release  materials  were  also  studied 
since  moisture  directly  affected  the  rate  of  room 
temperature  vulcanization  and  the  length  of  pot 
life  for  the  catalyzed  solution.  Cellophane  was 
found  to  be  an  excellent  release  material  for  the 
stock  during  ihe  press  treatment.  The  use  of  a 
hot  air  autoclave  could  also  eliminate  the  need  for 
mold  release  hut  has  not  ns  yet  been  studied. 

Studie.  to  replaee  the  hexamethylene  dithiol, 
which  was  not  comn'ercially  available,  were  under¬ 
taken.  Glycol  dimercapto-acetate  exhibited  de¬ 
sirable  chemical  and  physical  characters:  cs  and 
demonstrated  the  capability  of  vulcanising  the 
modified  polymer  to  good  physical  pro  per! is* 
High  temperature  tests  have  not  been  completed 
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but  u  suggested  formulation  for  future  investiga¬ 
tion  could  be: 

Part  .1  Parts  per  hundred  of  polymer  by  weight 

Fluorlnated  Polymer . .  100 

Medium  Thermal  Carbon  Hlaek . 30 

Magnesium  Carbonate  (O.P.) . 20 

Diallylatnine  Hydioehloride . .  ..  1 

Kthylaeetate .  .  l)i  .ondent  upon  desired  viscosity 

Part  B 

Glycol  Dimercapto-aeetate .  1.5 

Tri-n-amylamine. . . 0.1-.2.i  tienendent  upon  desired 

rate  of  vulcanization. 

Acetone .  As  needed  to  make  a  homoge¬ 

neous  solution. 

Section  5. 

THEORKTICAL 

This  approach  outlined  for  a  room  tempera¬ 
ture  vulcanization  system  is  based  upon  the 
assumption  that  chemically  active  sites,  through 
which  cross-linking  with  other  chemicals  can  take 
place  at  lower  temperatures,  can  he  attached  to 
the  polymer.  Many  systems  can  he  envisioned 
using  this  basic  approach,  hut  few  emerge  as 
being  practical.  The  diallylamine-dimercaptan 
combination  as  described  in  this  rejwrt  is  a 
practical  system  for  certain  fluorine-containing 
polymers. 

The  formation  of  the  active  site  was  the  impor¬ 
tant  first  step.  Amines  ns  a  class  of  chemicals 
were  known  to  be  reactive  toward  tluorinated 
hydrocarbon  polymers.  Diamines  have  been  rec¬ 
ommended  in  conventional  drv  rubber  compound¬ 
ing  as  cross-linking  i.gents  for  these  polymers. 
(4)  The  mechanism  oi  this  cross-linking  reaction 
has  been  partially  established  as  the  dehylrohalo- 
genation  of  the  polymer  followed  by  the  addition 
of  free  amine  to  the  resulting  double  bond.ffi) 
An  acid  acceptor  decomposes  the  amine  hydro¬ 
halide  formed  and  allows  the  reaction  to  go  to 
completion.  The  vulcanization  of  hcxutluoropro- 
pylene-vinylidene  fluoride  copolymer  with  mono¬ 
amines  such  as  n-bt'tvl  amine  suggests  that  a 
primary  amine  structure  possesses  a  difunctional 
character.  Thus,  a  secondary  amine  is  necessary 
in  order  that  the  reactive  site  may  In-  attached 
without  cross-linking  the  polvmer.  It  is  theorized 


that  diallylamine  wili  react  with  fluorinuted  poly¬ 
mers  which  normally  cross  link  with  diamines, 
and  become  a  pendant  group  as  shown  in  the 
first  reaction 

Reaction  No.  1  Reactive  Site  Formation 

CKi 

~f<  K,-Cllr-CK-CFiJ  -+CU,-CII-CII»-MI-CII»-CH=CII, 
Vitim  A  copolymer  Dlellylemlne 

i 

; 

Presence  of  Mao 
MP*  F 
f’Fi 

[CFr-C’Hi— C-CFi  1-  Polymer  with 

Ji  pendent  group 

rH»=cn— Clli— X— ciir— CH*CH| 

The  polymer  did  not  eross-link  during  reaction 
at  300°  F  However,  treatment  at  320°  F  cause 
partial  vulcanization,  showing  that  the  allvlic  un- 
saturation  was  present  after  the  treatment,  and 
at  320J  F,  it  became  active.  The  polymer  thus 
modified  was  extremely  reactive  toward  diamines. 
Ilexamethylene  diamine  gelled  a  solution  before 
complete  mixing  could  take  place.  Para-phenyl- 
ene  diamine  was  found  to  he  slower,  but  contin¬ 
ued  to  cross-link  at  high  temperatures.  The 
presence  of  a  secondary  amine,  which  could  fur¬ 
ther  react  with  the  polvmer,  could  have  resulted 
from  the  addition  of  a  primary  amine  structure 
to  the  allvlic*  unsaturation.  Piperazine  was  also 
able  to  HfTect  vulcanization  while  attempts  to 
vulcanize  the  unmodified  polymer  at  room  tem¬ 
perature  with  piperazine  met  with  failure.(6) 
Based  upon  this  evidence,  the  diallylamine  is  as¬ 
sumed  to  be  adducted  to  the  polymer  chain  and  to 
lie  somewhat  activated  by  the  tluorinated  structure. 

A  room  temperature  cross-linking  agent,  which 
would  he  active  toward  this  unsaturation  was  the 
next  important  feature  of  the  system  described. 
Since  secondary  amine  structures  continued  to 
cross-link  at  elevated  temperatures,  the  agent 
must  !h>  difunctional  and  lose  its  activity  after 
adding  to  the  allvlic  unsaturation. 

Piperazine  ai  d  dimercapUns  were  found  to  pos¬ 
sess  these  qualities,  but  hexainethvlene  dithiol  was 
selected  as  being  more  stable  and  easier  to  control. 
The  proposed  cross-linking  reaction  is  depicted 
as  follows: 


Reaction  N'o.  2  Cross-link  Formation 
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No  sponging  omnretl  during  the  vulcanization, 
and  as  has  been  demonstrate*),  the  seven  day  vul¬ 
canized  sheet  was  stable  to  400°  and  500°  F 
temperatures  with  little  additional  cross-linking 
occurring.  It  is,  therefore,  postulated  that  ditner- 
captans,  in  the  presence  of  a  tertiary  amine  and 
moisture,  add  to  the  allylic  unsaturation  of  the 
reactive  sites  and  complete  the  vulcanization 
reaction  at  room  temperature  without  by-product 
formation. 

Section  6. 

SUMMARY 

To  satisfy  an  urgent  Air  Force  requirement  for 
sealant  materials  and  related  products  capable  of 
withstanding  high  temperatures,  s  research  pro¬ 
gram  was  begun  on  room  temperature  vulcaniza¬ 
tion  systems  for  the  iluorinated  polymers.  The 
successful  results  obtained  under  this  program 
should  provide  a  sound  basis  for  tb*  rapid  de¬ 
velopment  of  the  required  products  since  s  practi¬ 
cal  system  for  room  temperature  cross-linking  hv 
evolved. 

This  system  is  based  upon  the  principle  that 
active  unaaturation  could  be  attached  to  the 
polymer  chain  by  a  reaction  with  diallylamine  in 
the  presence  of  magnesium  oxide.  Through  these 
sites,  dimercsptsns  such  as  hevamethrlene  dithiol 
and  glycoldimercapto-acetate.  when  aided  by 


tertiary  amines  and  moisture,  were  shown  to 
cross-link  the  polymer  at  room  urmperature. 

The  vulcanizate  developed  essentially  full  prop¬ 
erties  in  seven  day»  and  demonstrated  excellent 
resistance  to  jet  engine  fuel  at  400c  F  and  air  at 
500°  *•'  after  a  period  of  70  hours. 

It  is  recognized  that  the  system  described  is  one 
of  many,  and  that  it  is  in  need  of  further  refine¬ 
ments  For  example,  the  end  products  required 
arc  usually  based  upon  liquid  polymers,  rather 
than  solvent  solutions  as  used  in  th.s  study. 
Adhesion  to  aircraft  construction  materials  is  poor 
and  requires  improvement.  The  If  ’oratory  meth¬ 
od  of  preparation  is  also  in  need  of  refinements  for 
lar*ir  volume  production. 

In  spite  of  its  deficiencies,  this  system  is  con¬ 
sidered  to  be  of  major  importance  because  it  is  the 
first  to  be  discloeed  in  publications  for  croea-link- 
ii'g  the  fluorirated  hydrocarbon  polymers  at 
room  temperatures.(4)  Immediate  application 
in  the  area  of  fuel  tank  and  structure  sealants, 
followed  by  its  investigation  in  bladder  type  fuel 
cells,  fill  and  drain  type  of  sealants  for  rocket  fuel 
tanks,  coated  fabrics  and  dampening  materials 
for  electronic  instruments,  ia  anticipated 
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Strain  Aging  Effects  in  Columbium 
Due  to  Hydrogen 

B.  A.  WILCOX 

Abstract — The  strain  agin g  tendencies  of  recrystalli zed,  fine • 
grained  arc  cast  columbium  bate  been  investigated  using  two  differ¬ 
ent  experimental  techniques ,  the  feasibility  und  accuracy  of  both 
methods  having  first  been  eialuaud  by  tests  on  1020  steel.  Tensile 
straining  (up  to  about  one  percent  strain)  at  —50°  C  retealed  the 
characteristic  upper  and  loner  yield  point  found  in  BCC  metal;  , 
thin  effect  being  attributed  to  "Cottrell  Locking ”  of  dislocations  hy 
atm.  spheres  of  interstitial  atoms.  Immediate  re-straining  of  the 
samples  shotted  no  raid  point  effect  since  the  dislocations  were 
already  unpinned,  but  suitable  aging  treatments  ( 121-260 °  C) 
caused  the  yield  point  to  return  as  a  result  of  dislocations  being 
relocked.  The  aging  temperature  dependence  of  the  rate  of  yield 
point  return  was  etnluated.  and  an  actuation  enerry  of  10,500 
cal  mole  ttas  determined  for  the  process.  This  ttilue  is  consider¬ 
ably  lower  than  the  actuation  energies  for  diffusion  of  carbon, 
oxygen,  and  nitrogen  in  columbium,  but  in  good  agreement  with 
che  :alm  giten  by  Albrecht  for  hydrogen  diffusion  in  Cb  (Q“9370 
cal  mole).  It  is  therefore  concluded  that  hydrogen  can  be  responsi¬ 
ble  for  strain  aging  in  columbium.  This  finding  disagrees  with 
the  results  of  Regeley  who  used  a  similar  technique  to  determine  an 
activation  energy  of  27,100  cal  mole  for  the  temperature  dependence 
of  the  rate  of  yield  point  return  in  columbium.  His  conclusion 
was  that  mygm  was  responsible  for  the  strain  aging  effects. 

The  ability  of  hydrogen  to  cause  dislocation  pinning  in  colum- 
biu  n  was  further  substantiated  by  using  dynamic  modulus  measure¬ 
ments  to  study  the  strain  aging  process.  Samples  of  Cb  from  the 
same  heal  as  those  used  in  yield  point  return  studies,  and  samples 
which  had  been  hydrogen  charged  at  650 °  C.  for  7  hours  were 
deformed  2-3  percent  in  compression.  The  dynamic  modulus 
(measured  at  room  temperature)  k as  decreased  as  a  result  of 
dislocation  unpinning  during  deformation,  but  increased  toward 
the  original  unstrained  value  as  a  result  of  aging  at  temperatures 
from  24  to  97*  C.  I  dilation  energies  j<*  the  strain  aging  process 
were  determined  for  the  uncharged  and  l he  hydrogen  charged 
material  (ty"  7030  8290  cal!  mole  unt  barged;  Q»  8080-9920  ad  I 
mete,  hydrogen  charged),  tf  hile  hydrogen  charging  did  not  signifi¬ 
cantly  affect  l he  acthotion  energy,  the  treatment  did  cause  a  fourfold 
increase  in  the  frequency  factor.  A,  of  the  rale  equation, 

ts[t-Ac~°,tr 

It  Mut  further  noted  that  the  hydrogen  charging  treatment 
greatly  embrittled  the  columbium.  The  reduction  in  area  of 
tensile  samples  tested  at  24*  C  and  a  strain  rate  of  0.005  min'* 
mu  decreased  from  79  to  2  percent  as  a  result  of  hydrogen  charging. 
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INTRODUCTION 

The  refractory  metals  of  Group  5A  of  the  Peri¬ 
odic  (’hart  (V,  Ub,  and  Ta)  and  of  Group  6A  ((’r, 
Mo,  and  W)  have  in  recent  years  received  consid¬ 
erable  attention  as  a  result  of  their  high  melting 
point  and  their  high  temperature  strength.  Re¬ 
searchers  lutv  found,  however,  tiiat  in  order  to 
minimize  harmful  oxidation,  fabrication  should  be 
carried  out  at  the  lowest  feasible  temperatures. 
Many  investigations  have  therefore  been  under 
taken  to  evaluate  the  mechanical  behavior  of  these 
metals  at  lower  temperatures.  Such  studies  have 
revealed  that  these  BUU  refractory  metals  behave 
in  many  ways  like  alpha  iron  and  mild  steel.  In 
particular,  the  intraction  of  dislocations  with  im¬ 
purity  interstitial  elements  has  been  found  to 
affect  in  a  similar  fashion  many  mechanical  prop¬ 
erties  of  both  alpha  iron  and  the  B(’('  refractory 
metals. 

Among  the  properties  and  phenomena  which 
have  been  influenced  by  or  attributed  to  the  inter¬ 
action  of  interstitial  elements  with  dislocations, 
are  the  following: 

(1)  Upper  and  lower  yield  point  effect;  steel 
(1),  V  (2),  C'b  (3),  Ta  (4),  Ur  (5),  Mo  (6). 
W  (7). 

(2)  The  strong  temperature  dependence  of  the 
tensile  and  yield  strengths  at  low  tempera¬ 
tures;  iron  (S),  V,  C'b,  Ta,  Ur,  Mo,  and  W 
(9). 

(3)  Delayed  yielding  und  preyield  microcreep; 
mild  steel  (10,  II,  12).  Ub  and  Ta  (13),  Mo 
(13,  14.  15). 

(4 1  The  dependence  upon  strain  rate  ror  cycling 
rate)  of  the  following: 

(a)  The  "blue  brittle  temperature;  i.e.  the 
temperature  at  which  a  maximum  oc¬ 
curs  in  a  plot  of  strength  vs.  tempera¬ 
ture;  mild  steel  (ID),  Ub,  V,  Ta,  Ur, 
and  W  (9). 

(b)  The  temperature  at  which  a  maximum 
is  observed  in  a  plot  of  cycles  to  failure 
ib>  fatigue)  vs.  test  temperature:  steel 
(17),  Mo  (18) 

(ct  The  ductile-brittle  transition  tempera¬ 
ture;  V,  Ub,  Ta.  Ur.  Mo.  and  W  1 19). 

(5)  Strain  aging,  which  can  be  measured  by  ob¬ 
serving  changes  in  the  following  properties 
during  aging  after  plastic  deformation; 

(a)  Ilaidneas;  steel  (l  i 

(b)  Yield  point  return:  steel  (20,  this  work), 
Ub  (3,  this  work). 


(c)  Electrical  resistivity;  iron  (21,  22). 

(d)  Notched  bar  impact  strength;  steel  (23). 

(e)  Internal  friction;  iron  (24,  25),  Mo  (26). 

({)  Dynamic  modulus;  steel,  Ub  (this 

work). 

The  most  widely  accepted  explanation  of  the 
mechanism  of  dislocation-interstitial  interaction 
is  based  upon  the  classical  papers  of  Cottrell  (27), 
and  Xabarro  (28),  and  the  later  enlargement  by 
Cottrell  and  Bilby  (20).  In  essence  the  theory 
states  that  the  stresses  around  a  dislocation  may 
be  relieved  by  the  migration  of  solute  atoms  to  tho 
vicinity  of  the  dislocation.  Tho  “atmosphere” 
formed  then  pins  the  dislocation  until  a  sufficient 
driving  foree  (e.g.  applied  stress)  is  <  verted  to 
break  the  dislocation  free.  The  concept  of  strain 
aging  arises  from  the  fart  that  aging  after  plastic 
deformation  allows  tho  solute  atoms  to  diffuse  to 
the  unpinned  dislocations,  thereby  relocking 
them. 

It  is  well  known  that  carbon,  and  nitrogen  are 
capable  of  causing  dislocation  pinning  in  a-iron 
and  sled.  Rogers  (30,  31)  has  shown,  in  addition,  ' 
that  hydrogen  can  cause  dislocation  locking  in 
steel  at  low  temperatures  and  in  the  absence  of  1 
carbon  and  nitrogen.  However,  no  thorough  in¬ 
vestigations  have  been  made  to  determine  which 
interstitial  dements  arc  responsible  for  the  strain 
aging  behavior  in  the  refractory  metals.  Begley 
(3)  has  obtained  preliminary  data  from  yield  point 
return  studies  which  indicate  that  oxygen  may  be 
responsible  in  Ub,  and  I-eomia  and  Carlson  (2) 
have  observed  tlist  hydrogen  is  more  effective  than 
( \  O,  or  X  in  raising  the  ductile-brittle  transition 
temperature  of  vanadium.  Maringer  and 
Schwope  (26)  have  postulated  that  strain  aging 
in  Mo  is  due  to  carbon.  However  the  activation 
energy  for  strain  aging,  (15,600/cal/mole),  does 
not  agree  with  the  activation  energy  for  the  dif¬ 
fusion  of  carbon  in  Mo  (Q=*=  33,400  cal /mole,  Ref. 

32). 

It  has  therefore  been  the  objective  of  this  pro¬ 
gram  to  investigate  qualitatively  the  strain  aging 
behavior  of  colutnbium,  in  order  to  determine 
which  interstitial  dement  («)  can  cause  dislocation 
locking.  The  technique  of  measuring  yield  point 
return  as  a  function  of  aging  time  and  tei  >pcralurr 
has  previously  been  used  to  study  strain  aging  (3, 

20).  To  the  authors  knowledge,  dynanti  modulus 
measurements  have  not  previously  been  used  to 
measure  strain  aging,  although  workers  at  Brown 
University  (33)  have  used  this  method  to  examine 
changes  after  deformation  of  A1  and  Uu. 
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MATERIAL 

The  arc  melted  coluinbmm  used  in  this  investi¬ 
gation  was  proeurrrri  from  Fanstee!  M  ‘tallurgiral 
C’orp.  in  the  fonn  of K  inch  diemeter  rorrystallized 
rod,  haring  a  very  fine  grain  siv.e  of  approximatcly 
700  grains  per  sq.  nun.  The  chemical  analysts  of 
the  as-received  materiJ  is  shown  in  Table  I. 

Table  I. — Chrmieal  analyst »  of  mairriuU,  might  ptrctnt 


Material 

1  H 

1 

c 

i  1 

(>  N 

Comm.  «rr  rot 

1 

j 

1  ! 

i  ; 

i 

Cb . . 

<0.  0010 

<0.  0050 

0.  0117  ,  0.  0049 

Hydrogenated  Cb. 

0.  07*9 

0.  0848  0.  0540 

1020  steel . 

| 

0.21 

i 

.  0.  007 

1 

Hydrogenation  of  the  arc  melted  Cb  was  accomp¬ 
lished  by  annealing  in  a  dry  hydrogen  atmosphere 
for  7  hr.  at  6.v0°  ('.  This  annealing  treatment 
was  sufficient  to  cause  a  hydride  second  phase  to 
form  throughout  the  material.  The  analysis  in 
Table  I  shows  that  the  treatment  raised  the  hydro¬ 
gen  content  from  less  than  10  ppm  to  770  ppm. 

The  *<  inch  dia.  1020  steel  rod,  which  was  used 
to  evaluate  the  feasibility  of  the  experimental 
techniques,  was  annealed  for  :1  hours  at  700®  I’ 
in  air  ami  f  urnace  rooied  prior  to  specimen  d repara¬ 
tion, 

EXPERIMENTAL  PROCEDURE 

Field  Point  Rttvrn:  Experiments  using  yield 
point  measurements  were  performed  on  1020  steel 
and  as-received  (V  The  tensile  samples  were 
-'IS  inches  long  with  a  I  inch  gage  length  and  a  gage 
diameter  of  0.215  inch.  .Ml  tensile  testa  were 
made  on  a  "hart!"  Baldwin-Emery  SR -4  Teating 
Machine.  Model  FGT.  using  a  constant  strain 
rate  of  0.005  in  in  min.  the  load-strain  curves  being 
recorded  autegTaghicaUy.  A  temperature  of  —  7S* 
C  was  used  for  testing  the  1020  steel,  and  c 
test  temperature  of  -  SO®  ('  was  selected  for  the 
rchmibiunt  experiments  in  order  to  more  closely 
duplicate  the  test  conditions  used  by  Begley  (31. 
The  low  temperature  testing  not  only  pro  mol  ex' 
the  yield  point  drop,  but  tnintmurd  interstitial 
diffusion  during  teating  and  during  the  time  t  look 
to  transfer  the  sample  from  the  test  machine  to  tbe 
aging  environment .  Aging  bet  ween  room  temper¬ 
ature  and  W®  C  was  accomplished  in  a  water  bath 
with  a  temperature  control  of  ±0.5®  C.  At 
higher  temperature*  (to  250*  i't.  aging  was  pat- 


Strain,  ln/ia 


Kh.i  se  1.  Load-train  curves  for  one  sample  of  com¬ 
mercial  arc  m»*he<i  Cb,  tested  at  —50*  C  sod  a  strain 
rate  of  U  005  min.1.  Critical  aging  time  taken  as  4  min. 
la)  Initial  loading  (b)  Immediate  reloading 

f>.  =  0.2152”  D,=0.2125” 

ID  \grd  260°  C.  3  min  <d>  Aged  2«0'  C.  4  min. 
/>.= 0.2123”  D. =0  2120" 

formed  in  a  Precision  Scientific  Co.  fumsce,  with 
s  temperature  control  of  ±2®  C. 

Initisl  plastic  straining  of  specimens  (to  about 
Ifr  strain)  resulted  in  the  characteristic  upper  snd 
lower  yield  points,  tbe  upper  yield  point  beiug 
that  stress  required  to  break  an  “avalanche”  of 
dislocations  free  from  tbeir  pinning  atmosphere, 
and  the  lower  yield  point  being  the  strew  required 
to  maintain  tbe  motion  of  the  dislocations  in  their 
slip  plant*  once  they  had  been  tom  free.  Im¬ 
mediate  reloading  produced  load-strain  curves 
which  exhibited  no  yield  drop.  The  samples  were 
then  repeatedly  strained  and  aged  until  tbe  time 
at  which  tbe  yield  drop  just  barely  returned  was 
determined.  A  load  drop  of  approximately  20 
pound,  (about  550  pai)  was  arbitrarily  selected  aa 
being  evidence  of  tbe  yield  point  return.  Figure 
I  illustrates  a  typical  sent*  of  load  strain  cure.** 
ui  the  region  of  tbe  yield  point  for  a  sample  of  Cb 
aged  at  250®  V. 

Fire  samples  of  steel,  and  four  samples  of  as- 
recrived  columbium  were  tested,  and  critical  tim  a 
of  aging  a*  a  function  of  temperature  were  found 
to  be:  tteei.  23*  C.  435  min;  36®  C,  70  mi  <; 
50®  V.  15  min;  fll®  t*.  5  3  min;  1 C.  0.17  min; 
rolumhium,  121®  C,  145  min;  149*  C,  50  min; 
204*  C.  12  min.  250*  C,  4  min.  Tbe  temperature 
drp*-dencf  of  the  rite  «f  j;2i=t  rcturs  iru 
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Figure  2.  Arrhenius  plots  of  yield  point  return  strain 
aging  data  for  commercial  Cb  and  1020  steel. 

found  to  be  adequately  expressed  by  an  Arrhenius- 
typo  rate  equation  of  the  form: 

rate=A<r<"*r  (Eq  1) 

where  A— frequency  factor,  Q=  activation  energy, 
gas  constant,  and  T-  absolute  temperature. 
The  data  is  plotted  in  figure  2  as  the  natural 
logarithm  of  the  rate  of  yield  point  return  versus 
reciprocal  absolute  temperature.  The  results  of 
Begley  are  also  shown  for  comparison  purposes. 

An  activation  energy  of  22,700  cal/mole  was 
determined  for  the  strain  aging  of  1020  steel,  and  a 
value  of  10,500  cal/mole  was  determined  for 
columbium.  The  value  for  steel  is  in  reasonable 
agreement  with  the  activation  energy  for  the  diffu¬ 


sion  of  C  in  a-Fe  (@=20,100  cal/mole,  see  Table 
II).  The  activation  energy  for  strain  aging  of  Cb 
is  considerably  lower  than  values  for  the  diffusion 
of  C,  0,  and  N  in  Cb  (see  Table  II),  but  is  in  good 
agreement  with  the  Q  value  for  the  diffusion  of 
hydrogen  in  Cb  (Albrecht,  et  al.  (35)  give  Q 
(II  in  Cb)  as  9,370  cal/mole).  It  is  therefore 
reasonable  to  conclude  that  hydrogen  can  be  re¬ 
sponsible  for  strain  aging  in  columbium. 

Dynamic  Modulus:  In  order  to  further  validate 
the  thesis  that  hydrogen  can  cause  dislocation 
locking  in  Cb,  se.'ppW  of  as-reopivpd  columbium 
and  hydrogen  charged  columbium  were  tested 
using  dynamic  modulus  as  a  means  of  measuring 
strain  aging.  The  feasibility  and  accuracy  of 
this  technique  was  first  evaluated  by  tests  on 
1020  steel. 

Dynamic  moduli  of  the  various  specimens  were 
calculated  from  resonant  frequency  measurements, 
a  free-free  beam  technique  being  uBed  to  determine 
resonant  frequency.  A  transverse  sonic  wave 
was  propoga'ed  the  length  of  a  sample,  having 
nominal  dimensions  of  3"  x  )i  x  the  K" 
dimension  being  in  the  plane  of  vibration.  All 
resonant  frequency  measurements  were  made  at 
room  temperature,  the  temperature  of  the  room 
being  controlled  to  about  ±  1 0  C.  An  E-Scope 
Sonic  Analyser  was  used  to  excite  the  specimen, 
and  the  piek-np  was  transmitted  directly  to  a 
Berkeley  Eput  Meter  where  the  resonant  frequency 
was  counted  in  cycles  per  second. 

The  dynamic  modulus  of  elasticity  was  cal¬ 
culated  using  the  following  relationship: 

E^CWF*  (Eq.  2) 

where  7?=  modulus  in  psi,  Fr= resonant  frequency 
in  cps,  IF=  weight  of  specimen  in  pounds  and 


Base  metal 


Columbium. 

Columbium 

Columbium. 

Columbium 

Columbium. 

Columbium. 

Columbium . 

Columbium . 

Columbium. 

Columbium. 

Columbium . 

Iren _ _ 

Iron . 


Table  II. — Summary  oj  dilution  data  for  inlcrtlilialt  in  columbium  and  iron 


Diffusing  element 


Oxygen 

Oxygen.. 

Oxygen... 

Oxvgen 

Nitrogen. 

Nitrogen. 

Mtrogen 

Nitrogen. 

Carbon.  . 

Carbon 

Hydrogen 

Carbon  . 

Nitrogen . 


D„,  cm'/sec 

Q,  cal/mole 

Ref. 

a  0147 

27,600 

Ang  (36) 

a  00407 

Klopp  et  al.  (37) 

0.  014 

Powers  and  Doyle  (38) 

Marx  et  al.  (39) 

6.098 

38,  G00 

Ang  (36) 

0.0072 

34,800 

Powers  and  Doyle  (40) 

0.061 

38i  800 

Albrecht  and  lioode  (41) 

Marx  et  al.  (39) 

0.0046 

Powers  and  Doyle  (40) 

0.  015 

Wert  (12) 

0  0216 

S.  370 

Albrecht  et  al.  (36) 

a  02 

Wert  (43) 

0,  003 

18,200 

Wert  (42) 
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.,  2.45X10'JLJ7’  ,  .  ....  .  . 

(,= - j-,- - 1  /.  o,  and  t,  being  respectively 

the  length,  width,  and  thickness  in  inches.  The 
term  T  is  a  correction  factor  given  by  T 
KID,  where  <t>  designates  a  function,  r=Pois*on’s 
ratio,  and  A'=  radius  of  gyr  .tion=0.298  t  for 
a  prism.  The  values  of  T  were  determined  with 
the  aid  of  Ref.  34,  in  Inch  T  is  plotted  versus 
KjL  for  various  \  >s  of  v. 

Plastic  deformation  was  achieved  by  compress¬ 
ing  the  samples  in  the  %  inch  direction,  usin'  a 
head  travel  rate  of  0.005  in  inin,  i.e.  approximate 
strain  rate  of  0.02  in/in/min.  The  as-received 
Cb  and  1020  steel  were  compressed  3  per.  ent, 
but  the  hydrogenated  Cb  was  deformed  only 
2  percent,  since  the  charging  treatment  was 
found  to  cause  considerable  embrittlement. 

The  dynamic  modulus  was  determined  before 
deformation,  immediately  after  deformation,  and 
after  various  times  of  aging  at  temperatures  from 
24°  C  to  99°  C.  All  aging  was  done  in  a  constant 
temperature  water  bath.  It  was  found  that 
plastic  deformation  decreased  the  modulus  of 
steel  by  about  0.3— 0.5X10*  psi.  A  similar  de¬ 
crease  of  about  0.1  —0.3  X 10*  psi  v/na  noted  for  the 
as-received  columhium,  the  modulus  lowering  in 
both  cases  being  attributed  to  i:  eating  free  dislo¬ 
cations,  both  by  unpinning  locked  ones  and  by 
generating  fresh  ones.  Plastic  deformat  ion  caused 


a  rather  sporadic  effect  on  the  modulus  of  the 
l.idrogenated  Cb,  sometimes  slightly  raising  it 
above  the  unstrained  value  and  other  times 
slightly  lowering  it.  This  erratic  behavior  is 
probably  associated  with  the  presence  of  the 


Table  ill. — Data  Jot  commercial  columbium ,  hydrogenated 
coturntium,  and  1020  eleel,  showing  the  effects  of  deforma¬ 
tion  m d  subsequent  aging  on  the  dynamic  modulus.  All 
modulus  measurements  made  at  room  temperature 


Material 

E',  mod. 
of  unde¬ 
formed 
spec, 
(to-* 
psi) 

|e»,  mod. 

i  mined, 
after 
defor¬ 
mation 

(in-* 

psi) 

E«,,  max. 

re¬ 
covered 
mod. 
(at  aging 
peak) 
do-* 
psi) 

Agin,; 

temp., 

°C. 

Comm.  Cb . . 

15.861 

15.764 

15.854 

24 

Comm.  Cb . 

16.  053 

16.033 

16.092 

37 

Comm.  Cb . 

15.  987 

15.  727 

15.  798 

53 

Comm.  Cb _ _ 

16.  002 

15.  878 

15.  954 

73 

Comm.  Cb . 

15.  935 

15.  638 

15.  697 

94 

Hydrogenated  Cb _ | 

13.  839 

15.024 

15.949 

24 

Hydrogenated  Cb _ 1 

14.  857 

15.  232 

16.234 

53 

Hydrogenated  Cb _ 

’  5.  607 

15.  100 

16.059 

73 

Hydrogenated  Cb _ 

13.  446 

14.  817 

16.  338 

94 

1020  steel . 

30.  719 

30.  221 

30.  409 

24 

1020  steel... . . 

30.  582 

30.  267 

30.391 

29 

1020  steel.... . . 

30.  614 

30.209 

30.341 

35 

1020  steel _ 

30.  704 

30.  305 

30.  403 

46 

1020  steel . 

30.  603 

30.  137 

30.  248 

55 

1020  steel. . . 

30.  688 

30.390 

30.  611 

66 

1020  steel _ 

30.  688 

30.  374 

30.  497 

79 

1020  steel . 

30.  641 

30.  335 

30.  478 

99 

Figuri"  3.  Recovery  of  dynamic  modulus  of  1020  steel  as  a  function  of  aging  time  and  temperature  after  3%  deforma¬ 
tion  by  compression.  AU  modulus  measurements  at  room  temperature. 
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Aging  TIm,  Kin. 

FiOI'RE  4.  Recovery  of  dynamic  modulus  of  as-received  commercial  Cb  as  a  function  of  aging  time  and  temperature, 
after  3  percent  deformation  by  compression.  AH  modulus  measurements  at  room  temperature. 


brittle  second  phase  of  columbiunt  hydride.  The 
values  of  £',  the  undeformed  modulus  and  £„  the 
modulus  immediately  after  deformation,  are  listed 
in  Table  III  for  all  three  materials  tested. 

Aging  after  deformation  was  found  to  increase 
the  modulus  above  that  of  the  freshly  deformed 
material,  the  rate  of  recovery  being  faster,  the 
higher  the  aging  temperature.  The  modulus  re- 
covcy  is  defined  as  A£=£(— £,,  where  E,  is  the 
modulus  after  aging  time  t.  The  moduli  re¬ 
coveries  as  a  1  unction  of  aging  time  and  tempera¬ 
ture  are  illustrated  in  Figures  3,  4,  and  5  for  1020 
steel,  as-received  Cb,  and  hydrogenated  Cb 
respectively.  In  each  case  it  is  noted  that  an 
aging  peak  is  present.  The  moduli  values  at  the 
aging  peaks,  En,  are  given  in  Table  III.  It  is 
noted  in  Table  III  that  for  1020  steel  the  maximum 
modulus  increase  due  to  aging  (i.e.  at  the  aging 
peak)  is  about  30  to  50  percent  of  the  total  decrease 
caused  by  deformation,  and  in  the  case  of  as- 
received  columbium,  aging  causes  20  to  100  percent 
recovery.  The  hydrogenated  Cb  again  behaves 
unusually,  the  degree  of  modulus  recovery  being 
more  than  an  order  of  magnitude  greater  than  that 
of  the  steel  or  as-received  Cb. 

The  temperature  dependence  of  the  modulus 
recovery  rate  was  found  to  be  satisfactorily  ex¬ 
pressed  by  an  Arrhenius-type  rate  equation.  Fig. 
6  shows  Arrhenius  plots  for  1020  steel,  at  iso- 
modulus  recovery  values  of  A£=0.10X  10"  psi 


and  0.05X10°  psi,  as  taken  from  Figure  3.  The 
calculated  activation  energy  of  21,000-21,700 
cal/mole  is  in  excellent  agreement  with  the  activa¬ 
tion  energy  for  the  diffusion  of  carbon  in  iron. 
Similar  plots  for  as-received  and  hydrogen  charged 
Cb  are  shown  in  Figure  7.  The  activation 
energies  for  the  strain  aging  process  being  7,830- 
8,280  cal/mole,  .is  received  Cb;  and  8,080-9,920 
cal/mole,  hydrogenated  Cb.  These  values  are  in 
close  agreement  with  the  value  of  9,370  cal/mole 
for  hydrogen  diffusion  in  Cb.  The  frequency 
factor,  A,  in  the  rate  equation  was  calculated  for 
as-received  Cb  and  hydrogenated  Cb  from  the 
Arrhenius  plots  for  £'=0.050X10*  psi.  More 
than  a  fourfold  increase  m  the  value  of  A  was 
caused  by  the  hydrogen  charging  treatment; 
as-received,  A = 5.9  X 10*  min-1;  hydrogen  an¬ 
nealed,  yl=27.5Xi0‘  min-1. 

DISCUSSION 

The  investigations  on  1020  steel,  using  yield 
point  return  and  dynamic  modulus  measurements, 
have  shown  that  these  techniques  are  satisfactory 
methods  for  studying  the  kinetics  of  the  strain 
aging  process.  The  close  agreement  between  the 
activation  energies  for  strain  aging  of  steel,  and 
that  for  the  diffusion  of  carbon  in  iron,  leave  little 
doubt  as  to  the  applicability  of  the  experimental 
approach. 


i 
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Fiovre  5.  Recovery  of  dynamic  modulus  of  hydroacnatrd  Ch  (MO*  C.  7  hr.)  a*  a  function  of  acme  time  and  Uta- 
icrntnrr,  after  2  percent  deformation  liy  comnrciwion.  All  modulo*  measurement’  at  room  temperaturv 


The  disagreement  between  the  yield  point 
strain  aging  work  on  a  a- received  Ch  and  the 
earlier  work  of  Begley  (:i),  (nee  Fig.  2)  night  l>e 
related  to  differences  in  mctallurgictd  variable* 
such  as  material  composition  or  grain  sine;  or  to 
teat  variables  auch  as  difference  in  strain  rate 
The  analysis  given  by  Begley  is:  O.OOd-O.OCM 
percent  oxygen.  0.002-0.00)1  percent  nitrogen, 
and  0.024-0  068  percent  carbon.  The  materia! 
used  in  this  work  had  a  higher  oxygen  content 
and  u  lower  carbon  content  (aec  Table  1).  The 
grain  sue  of  Begley'a  material  waa  much  coarser, 
approximately  250  grain*  mm*,  a*  compared  to 
abu.it  700  grains 'min'  for  this  work;  and  the 


strain  rate  considerably  greater  than  that  u**d  in 
the  present  investigations  (««0.06/min,  Bagiey; 
»*u0.005/min,  this  work).  It  is  hard  to  visualise, 
l.ow'ver.  how  any  of  these  difference*  could  mult 
in  »  different  derivation  energy  for  strain  aging. 
The  diccrepancy  can  be  rationalised,  however,  hy 
eliminating  one  point  from  Begley  *  Arrhenius 
plot  (aee  dotted  curve  i>.  Fig.  2>.  If  a  straight 
line  it  drawn  through  the  two  lower  pointa,  it  i* 
seen  that  the  slope  i*  aimoat  identical  to  U.vl 
determined  in  this  work.  From  examination  of 
Begley’*  data  it  would  appear  that  the  neglect  -d 
point  wa*  the  one  determined  with  the  least 
degree  of  precision 
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An  mtcrsottng  featurs  rsrsf  Wd  in  th*  dynamir 
modulus  sirs  in  aging  sludis*  •  that  for  *11  throe 
materials,  thr  Mrs  in  aging  mtvso  exhibit  »  maxi¬ 
mum,  or  aging  peak.  A  plausible  explanation  for 
th*  phmommon  ran  br  (iron  uaty  condusmn* 
drawn  by  Thomas  and  I*ak  (23)  from  thssr 
internal  fhrlino  strain  aging  mrmtigations  of 
alpha-iron  Tbs#*  xrockse*  bars  si>o*m  that  lb* 
number  of  carbon  or  nitrogen  atom*  attracted  lo 
a  dndocation  in  a-iron  exceeds  lb*  solubility  limit 
in  the  lattice  surrounding  the  did  oration.  il.srrby 
rotulling  in  lb*  formation  of  small  coherent 
"rrtfuletrs  around  ihr  didoretun.  H  these 
precipitate*  rontnbutr  i<  thr  atmosphere  pinning 


art  ion,  then  lbs  aging  pooka  may  posaibiy  bo  dr# 
to  coalescence  of  tbo  precipitate#  aa  a  result  of 
"orec-t^ing".  Sine*  «bo  moan-frro-path  botwaon 
particles  increase*.  tbo  pinning  contribution  of  th# 
preripitats#  docnaw*.  and  tbo  modulus  doers  asm 
aftsr  reaching  a  maximum  degree  of  wown. 

/Xdendiea  Aranfisc  The  dynamic  modulus 
strain  kgtr*  data  bos  been  troalsd  to  al  ow  cslru- 
Utiaa  <J  dnixestmn  dmsitte*  of  tbs  d*f*wtr.#d  and 
ogsd  mttrriak  utilising  tbs  t’oltrrll-B  !hy  satia¬ 
tion  (Ref  »).  Tbs  ('  B  analysis  reUtea  tbs 
fraction.  /.  of  solute  which  has  migrated  to 
d adoration*  d  tiring  aging  aftsr  dsformation  to  tbs 
aging  tim*  I  (see.)  and  temperature  T  f*K)  by 
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Flo t'MB  7.  Arrheniu*  plots  of  dynamic  modulus  strain 
i|ia|  data  for  as-rrccived  commercial  Oi  awl  hydro¬ 
genated  Cb. 

the  following  equation: 

y=«(f)  .V,=oX(.4/Jt>r),1(Kq.  3) 

where  ml)  is  the  number  of  solute  atoms  per  unit 
volume  of  material  that  have  migrated  to  the 
dislocations,  S.  is  the  solute  concentration  at 
f=0,  X  is  the  dislocation  density  in  lines'cm’, 
1:  ia  Boltmann's  constants  1.38  X  |0*M  dyne  cm  I 
*K,  a  is  a  numerical  constant  equal  to  3(»,2)'  \ 
D-the  diffusity  of  aolule  in  base  metal  in  cm* /sec 
at  temperature  T,  and  .1  is  a  constant  depending 
on  the  a'rain  introduced  into  the  lattice  by  a 
solute  atom  and  has  unitr  of  dyne  cm*. 

Equation  (3)  ia  not  valid  for  the  latter  stages 
of  aging,  since  the  first  atoms  to  arrive  at  the 
dislocation  are  more  effective  in  pinning  than 
atoms  arriving  after  longer  aging  times  How¬ 
ever  Harper  (24)  has  proposed  s  simple  generali¬ 
ssimo  to  fit  the  Utter  stages.  By  assuming  that 
the  rate  of  migration  ia  decreased  in  proportion 
to  the  amount  already  segregated,  the  equation 
governing  precipitation  ia  then: 

/«l-expl-sX(.4»/*7>*'’J  (Eq.  4) 
or 

fo(l  ~J)~  - *MADt;kT)' »  (Eq.  5} 


Eq.  (4)  reduces  to  Eq.  '3)  when  the  exponent  is 
small. 

Determination  of  the  constant  “A”  requires 
some  consideration.  Cottrell  and  Bilby  estimated 
“A”  to  be  3.0X10'"  dyne  cm*  using  lattice 
parameter  measurements  on  martensite,  as  re¬ 
ported  by  Lepson  and  Parker  (44).  Since  no 
experimental  data  is  available  regarding  the 
effect  of  hydrogen  on  the  lattice  parameter  of  Cb, 
a  special  theoretical  treatment  (see  Appendix) 
was  necessary  to  determine  “A”  for  the  case  of 
II  in  Cb.  The  value  so  determined  is  1.4X10'* 
dyne  cm*.  Now  by  inserting  the  constants  in 
Eq.  (5),  the  following  relationships  are  determined: 

C  in  a-Fe/n(l-y)  =  -12.6XlO-*  X(Z*/7’)*'1 

(Eq.  6) 

II  in  Cb  /n(l-/)=— 7.5X10'*  HDtlD™ 

(Eq.  7) 

Therefore  if  In  <l—f)  is  dotted  versus  (Dt/T),n. 
it  is  poisible  to  evaluate  the  dislocation  density, 
X,  from  the  slope. 

Such  plots  are  shown  ir  Figure  8  for  vreceived 
Cb  and  hydrogen  charged  Cb,  the  measure  of  f 
being  taken  aa  {E,—E,)HEm—E.),  or  XEIXE 
max.  The  calculated  d  .“location  densities  are: 
2.5X10’  line*, cm’  for  as  received  Cb  compressed 
3  percent,  and  1.4X10’  lines/cm’  for  hydrogen 
annealed  Cb  compressed  2  pound.  A  similar 
technique  yielded  a  density  of  8.V10"  line* 'em* 
for  the  1020  steel  (compressed  3  percent).  The 
dislocation  densities  are  summarized  in  Table 
IV  togethrr  with  values  of  X  determined  by  other 
workers  from  strain  aging  studies  on  steel.  The 
density  frr  1020  steel  is  seen  to  be  in  reasonable 
agreement  with  the  results  of  previous  investiga¬ 
tions.  The  values  of  X  or  Cb  might  appear 
somewhat  lower  than  expected.  However,  th  » 
low  dislocation  derailiea  are  not  too  unusual,  wh 
>t  ia  wvalled  that  columbiuin  work  hardens,  rela¬ 
tively  slightly  as  compared  to  steel.  Since  the 
degree  of  work  hardening  is  proportional,  in  part . 
to  the  dislocation  density,  a  lower  density  for  a 
given  amount  of  deformation  would  correspond  to 
a  smaller  work  hardening  capacity 
Ilfinfrn  EmkrittitmaJ:  As  reported  eariiei  it 
wa<  noticed  in  the  dynamic  modulus  strain  aging 
studies  that  the  hydrogen  charging  treatment  of 
650*  C.  7  hr.  caused  severe  embrittlement.  In 
order  to  evaluate  the  degree  of  embrittlement, 
one  tensile  sample  of  Cb,  which  had  been  charged 
as  above,  was  tested  in  tension  at  room  tempera- 
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tun'  and  a  strain  rate  of  O.OUS  min"1.  TIn>  sample 
fractured  in  ;i  brittle  fasnion,  presumably  alone 
the  {lOO}  cleavage  planes,  (45).  A  photograph 
of  the  fractun>  surface  is  shown  in  Figure  9  to¬ 
gether  with  a  ductile  fracture  obtained  by  testing 
a  piece  of  as-received  C'b  under  the  same  condi¬ 
tions  of  temperature  and  strain  rate.  The  trut 
fracture  stress,  defined  as  load  at  fracture  divided 
by  cross-* -ct  tonal  area  at  fracture,  was  greatly 
lowered  by  the  hydrogen  treatment.  The  duc¬ 
tility  was  also  tremendously  decreased,  the  %HA 
being  lowered  from  <9  to  about  2  pel  rent 
Microetructurrs  of  the  as-reeetved  (’b  and  the 
hydrogenated  ( 'b  are  shown  in  Figures  10  and  1 1 
respectively,  the  latter  micrograph  bring  taken 
near  the  brittle  fracture  area  shown  in  Figure  9. 
The  hydrogen  rhargmg  treatment  is  seen  to  havp 
introduced  a  large  amount  of  hydride  accond 
phase  The  embrittling  effect  of  the  hydride  is 
seen  in  Figure  11  by  the  transgramilar  cleavage 
crack.  It  is  evident  that  Hydrogen  charging  ('b 


to  the  point  of  forming  an  internal  hydride-  causes 
great  ciiibrittleiu.jit.  However  it  still  remains  to 
be  shown  whether  or  not  relatively  large  amounts 
of  I  ydrogen  in  solid  solution  ran  cause  a  similar 
embrittling  effect 

CONCLUSIONS 

1.  Yield  point  return  and  dynamic  modulus 
measurements  have  been  shown  to  be  satisfactory 
techniques  for  stud'ing  the  strain  aging  of  steel 
and  rolumbium. 

2  The  activation  energies  calculated  for  strair 
aging  of  both  as-received  eommernal  arc  melted 
t'b  and  hydrogenated  t'b  were  found  *o  be  in 
close  agreement  with  the  activation  energy  for 
the  diffusion  of  hydiogen  in  t'b.  It  is  ;  here  ore 
concluded  that  hydrogen  is  the  interstitial  element 
responsible  for  strain  aging  in  co'nmbim’'' 

3.  Harp-r*  modification  of  the  CoUrdl-Bilby 
“t:n  equation"  has  been  jalbfaetor!;-  applied  to 
dvnaniir  modulus  strain  aging  data,  alien'  -ng 
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Taii.k  IV.  Ditlocation  'me. tire  in  deformed  Columbium  and  iron,  determined  from  application  of  Cottrell- Bitbj,  equation  .« 

•train  aging  meaeurrmente 


Material 

Moan*  of 

Method  of  mens. 

Per¬ 

cent 

Composition 

Dialoeation 

density 

Ref. 

straining 

strain  aging 

strain 

II 

(' 

x 

linea/em* 

tomm.  Cb 

( ‘ouij;  ssino  . 

Dynamic  modulus. 

:i 

0.  001 

0.  005 

0.  0040 

2.  5XI01 

This  work. 

Itvdrogenaled  (’!> 

(‘ompn*»ion 

Dynamic  modulus 

2 

0. 0770  . 

0  0546 

1.  4X  10» 

This  work. 

''i’io  »tffi 

ComprpMition 

Ihnttmc  modulus 

:i 

0.21 

0.  007 

8X  10" 

This  work. 

B.I.S.R.  A.  Ke 

Tension 

Internal  friction 

7 

0.015 

7.  7X10" 

Thorruj  and 
Israk  (25). 

B.I.S.H.A.  Fe 

Tension 

Internal  friction 

7 

j  0.  Ui5 

6.  bx  10** 

B.I.S.R. A.  Fe 
B.I.S.H.A.  Fe  . 

Tension . 
Tension 

Inten.il  friction 
Internal  friction 

7 

7 

i  0.  0005 
i  0  0055 

5  OX  10" 

4.  OX  10" 

Huron  Fe 

Tension 

Internal  friction 

5 

0.015 

1  86X  10" 

Harper  (241. 

Puroii  tV 

Tension 

Internal  friction 

to 

0  009 

2  46X  10" 

Huron  Fe . 

Tension 

Internal  frirtinn 

15 

0.  013 

.  .  3.72X1G-* 

Fe . 

Tension . 

Fleet  rival  resis¬ 
tivity. 

4.  5 

0.015 

i 

0.  82X10" 

Dahl  and 
Lueke 

(22). 

tv . 

Tension 

Fileet-.eal  reais- 
tivitv. 

Sl  1 

.  0015 

1  67X10" 

Fe . 

Tensiw1::  . 

I'lcamd  »ir*«  '■  mviw 

tiiitv. 

5.  i 

0  018 

O  95X  10" 

Fe . 

Ked.  by 
drawing 

Fleet  rioal  re-so*- 
tivitv. 

8 

0  07 

a  004 

7X 10"" 
6X  10" 

Cotlrril  and 
Church- 
mac  (21). 

Fe . 

Red.  nv 
drawing. 

F.lectrieal  reais- 

tivii 

23 

.,  0.07 

j 

0  004 

8X  10**- 
7X10" 

Fe . 

Red.  by 
drawiiiK. 

Fleet  ri  cal  resis¬ 
tivity. 

42 

1  0  07 

0  004 

9X  10"- 
*X10" 

Flora*  9  T«-.»«e  swmplaa  of  sj-eeeeived  twamaeeial  art 

matted  Ck,  tluwiM  la  hydea^a  (J0‘  C.  T  If 

Taated  at  24°  '  nd  •  strain  role  of  0  004  tnia'V  Pr«|- 
min  Kl«l  bate  TX 


.1  *-  It  ft  Hpd.  fn 

fr tprrlp  C%  tV 


H]r4n(n  .untent  r-pru  . 

10 

779 

1‘raoeetinf  nl  emit,  pal 

11.  TOO 

17.  800 

t'llimat*  tens  >(r««i,  pat 

53.  100 

U.  W0 

I'H*  Tract,  ilrr  pel 

15.200 

am 

True  tract  ■•irtae,  ^si 

71.  S00 

tt.  700 

\  ei  tr  i.)  . 

44 

t  5 

*;  ra  . 

79 

1  7 

^>;vx,  • 


i  V 


vO, 

■  rO’’  = 

N  ^  o  • 


Fki  10  MirjaUaOamfw  nwmj  mmmaetaal  aw 
malted  Cb,  HF-HNO,  Euh.  I00X 


detrrmia’MW  of  dwlonlkn  dens  taco  Thr  d»- 
kx-itwci  drfwutr  raiculated  for  1030  ateef  »  i . 
wwwbW  ipT»mMit  nth  <Uu  from  lor  litera¬ 
ture  T1*c  rrialjrelv  low  dcnatliea  dctermuvd  for 
colutnbiutn  ran  bo  rmtaoruduod  by  rrrdDuif  tbot 


ISi 


Florae  II.  Micrcetrurturv  war  fracture  of  CB  vmpa 
hydrogen  annnird  650*  (\  T  In.,  trurilc  irrted  el  21* 
C  "id  a  attain  rale  of  0.005  min ' 1 .  Note  Iranegranular 
creek*  and  hydride  second  phae,  HF-HXO,  Klrh, 
S00\ 

this  material  display's  comparatively  small  «nrk 
hardening  tendencies. 

4.  Hydrogen  charging  raiunitkium  to  the  point 
of  forming  an  internal  hydride  second  phase  has 
been  shown  to  cause  severe  embrittlement  It 
still  remains  to  be  shown  whether  or  not  appreci¬ 
able  amounts  ot  hydrogen  in  solid  Solution  will 
exert  a  similar  rffect . 
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APPENDIX 


Calculation  oj  A,  a  constant  in  the  Cottnll-Biihy 
equation,  which  depends  on  the  strain  introducer 
into  the  lattice  by  a  solute  atom 

The  relationship  defining  .1  has  been  given  in 
Ref.  29  as: 


A  =  IV  \ 


a, i 


3v 


!±! 

1  — r 


Eq.  (a) 


where  Al*  is  the  volume  change  caused  by  intro¬ 
duction  of  an  interstitial  atom  into  'he  solute 
lattice,  G  is  the  rigidity  modulus,  »  is  Poisson's 
ratio,  and  d  is  the  distance  of  closest  approach  of 
the  solvent  atoms. 

The  determination  of  AV’in  the  case  of  carbon 
in  iron  is  based  on  lattice  parameter  measurements 
of  martensite  by  lepson  and  Parker  (44),  and  the 
value  given  by  Cottrell  and  Bilby  is  \V 
=  0.78X10-”  cm*. 

in  other  interstitial  —BCC  systems,  where 
experimental  lattice  parameter  data  are  not 
available,  it  is  useful  to  visualize  a  model  where 
the  interstitial  atom*  occupy  face-center  or  edge 
center  sites  in  the  solvent  lattice,  aa  shown  in 
Figure  a.  The  spherical  volume  around  one 
interstitial  site  in  the  lattice,  l’.,  (see  Fig.  b)  is 
increased  to  1*,  by  inserting  the  interstitial  atom 
in  the  site  (see  Fig.  c).  The  resulting  volume 
chsnge  SV  -  1‘,  —  1'.  is  given  by: 

AC- 4,'3r(r,’-r,>)  Eq.  (b) 

where  and  r,  v4|,2»  (d+t)rl.  The 

terms  r,  and  *,  are  the  radii  of  the  undislorted  and 
the  disiorled  spherical  vtdutttre  respectively,  «,  is 
the  'indistortrd  lattice  parameter,  d  is  the  atomic 
diameter  of  the  solvent,  and  x  is  the  atomic 
diameter  of  the  inlertliliai  solute. 
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Fiocec  a.  Interstitial  positions 

shown  schematically  in  BCC 

lattioe. 


f— *•  -H 


Floras  b.  (100)  Plan*  without  inter- 
stilial  atom. 


Ftot'ac  c.  (100)  Plane  with  one  inter¬ 
stitial  atom  at  K,0,0  site. 

Inserting  these  terms  in  Eq.  (b)  gives: 


6  [(<f+z)*-a.*l 


Eq-  (0 


By  inserting  -he  appropriate  values  of  d,  I,  and  a. 
for  the  Fe-C  and  Cb-H  systems,  values  of  AV  are 
determined  to  be:  AVr=  1.87X10""  cm’  for  C  in 
Fe,  and  AV=0.55X  10"*  cm’  for  H  in  Cb. 

It  is  noted  that  the  calculated  AV  due  to  C  in 
Fe  is  larger  by  a  factor  of  two  than  that  determined 
front  experimental  data.  The  error  decreaaes  con¬ 
siderably,  however,  when  the  distortion  is  less, 
since  the  decrement  of  distortion  enters  as  a  cubed 
term.  It  is  therefore  felt  that  the  value  of  AV  for 
H  in  Cb  is  in  error  by  less  than  a  factor  of  two. 

The  value  of  “A"  for  H  in  Cb,  from  Eq.  (a)  is 
determined  to  be  1 .4  X 1  O’*  dyne  cm*,  using  values 
of  G  — 3.75 X IP"  dyns/cm',  d-2.85XlO"»  cm, 
sad  r-0.38. 
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The  Effect  of  Gravity  on  Free  Convection  Heat 

Transfer 

The  Feasibility  of  Using  an  Electromagnetic  Body  Force 


D.  A.  KIRK 

Abstract — Theories  concerning  the  instability  and  motion  of  a 
fluid  heated  from  belotv  predict  the  effect  of  various  physical 
parameters  Experimental  investigations  have  succeeded  in  widely 
varying  all  parameters ,  except  gravity,  in  order  to  determine  the 
validity  of  the  theories.  In  extra-terrestrial  heat  transfer  applica¬ 
tions,  such  as  in  free  convection,  boiling,  and  condensation,  the 
effect  of  gavity  shou'd  he  verified  by  experiment. 

This  report  considers  the  feasibility  of  using  an  impressed 
electromagnetic  body  force  acting  parallel  to  the  earth's  gravita¬ 
tional  fidd.  The  resultant  of  this  electromagnetic  force  and  the 
ground  level  gravitational  force  is  said  to  be  an  " equivalent  gravita¬ 
tional"  force  acting  on  the  fluid  mass.  Based  on  the  analysis 
made,  a  series  of  experiments  can  be  performed  to  ascertain  the 
quantitative  contribution  of  gravity,  over  the  range  from  — 13.6 
to  15.6  times  ground  level  gravity,  on  free  convection  heat  transfer. 
An  apparatus  is  presently  being  fabricated  to  conduct  an  experi¬ 
ment  for  the  case  when  heat  is  applied  from  below. 


Section  1. 

INTRODUCTION 

This  report  considers  the  feasibility  of  using 
an  electromagnetic  body  force  to  act  in  the  plane 
which  the  earth's  gravitational  body  force  acts 
on  a  liquid  mass.  This  electromagnetic  body 
force  will  be  induced  by  passing  a  horizontal 
electric  current  through  a  conducting  liquid 
medium  in  the  presence  of  a  horizontal  magnetic 
field  which  is  perpendicular  to  the  impressed 
electric  current.  The  net  force  acting  can  be 
considered  as  the  number  of  "gravities”  acting 
on  a  system.  An  apparatus  has  been  designed 


and  is  presently  being  fabricated  to  conduct  such 
experiments.  Figure  1  shews  a  preliminary 
schematic  of  the  test  cell  as  designed  by  the 
University  of  Dayton  Research  Institute. 

The  system  to  be  investigated  is  free  convection 
heat  transfer  in  liquids  confined  by  two  horizontal 
plates  and  heated  from  below.  By  varying  the 
resultant  body  force  by  electromagnetic  means 
the  convective  force  for  heat  transfer  can  be 
varied  without  changing  the  temperature  gradient 
or  the  liquid’s  properties  of  mass  density  and 
thermal  expansion  coefficient.  The  possible  range 
of  —13.6  to  15.6  "gravities”  will  enable  experi¬ 
ments  to  be  conducted  under  conditions  heretofore 
impossible. 
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thermocouples 
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Sources  of  errors  ur.d  tire  interfei  mg  effects 
of  the  impressed  magnetic  tnd  electric  fields  are 
analyzed.  Necessary  introductory  theory  of 
Maxwell’s  field  equations  and  free  convective 
heat  transfer  are  given  to  more  easily  interpret 

the  analysis  section  of  this  report. 

Except  where  specific,  'ly  noted,  the  rationalized 
meter-kilogrnm-sccond  (NIKS)  system  will  he 
uted  throughout. 

Section  2. 


THEORY 

A.  Electric  and  Magnetic  Field i> 

The  purpose  of  this  section  is  to  show  briefly 
the  souice  end  meaning  of  Maxwell's  equations. 
For  a  more  complete  development  of  the  field 
equations  the  reader  is  referred  to  the  many 
appropriate  texts  available  by  authors  such  aa 
Bennett  and  ('rot hers  (1926),  Page  and  Adams 
(1940),  Slater  and  Frank  (1947),  Weber  (1950. 
and  boast  (1956). 

Electromagnetic  theory  deals  with  the  force* 
acting  on  charges  and  current.  An  electric 
charge  at  a  given  point  in  apace  is  acted  on  by  two 
types  of  forces:  an  electric  force  independent  ot 
velocity,  and  a  magnetic  force  proportional  to  it* 
velocity.  Different  charges  at  the  same  point  in 
space  are  acted  on  by  different  amounts  or  force, 
ind  the  strength  of  the  charge  it  defined  as  being 
proportional  to  the  magnitude  of  force  acting  on 
it  in  a  given  field.  Coulomb's  Law-  state*  that  the 
force  on  a  point  charge,  Q,  in  an  electrical  field  of 
intensity,  c,  is  _  _ 

F,-qK  (i) 

This  electric  field  intensity  can  be  thought  of  aa 
being  caused  hr  another  point  charge,  Q,  at  a 
distance  r  apart  front  if.  Thus  Kean  be  defined  a* 


For  a  charge,  Q.  moving  in  a  magnetic  field  cl  flux 
dentil;.  H,  Ampere's  force  law  state* 

fmv,Hr.xWi  i'3‘ 


away  from  a  charge  Q,.  Thus 


Q  iri  J.  ri  4wr 


(4. 


Taking  the  gr-dient  of  equation  (4)  the  following 
is  found 


.J&L 


(5) 


The  force  induced  by  motion  in  a  static  magnetic 
field  (equation  3)  does  not  affect  the  potential 
along  the  p*:h  of  the  charge,  eince 

*.-“-£(5X5)  *-J>x£)  5-0  <«; 

For  conduction  of  charges  in  metsls  s  general¬ 
ized  Ohm’s  I  .aw  may  be  derived  from  a  simple 
fon-r  balance.  !n  metals,  the  restoring  force  on 
electrons  is  "'-gltgible  and  at  low  electric  field 
frequencies  electron  inertia  can  also  be  neglected. 
The  total  field  force  given  by  equations  (2)  and 
(3)  is  in  equilibrium  with  the  damning  force  which 
is  assumed  to  be  proportional  to  the  velocity  of 
the  electron.  Thus, 

7\=F.+K=Q.(S+f.x'B)*°».i*.  (7) 

or 

£-(E+?.X*)-.^~'o. 

where  ■*.  »  the  electron  s  mass  and  a.  a  tbs 
damping  constant  of  proportionality.  If  N,  is 
the  number  of  conducting  electrons  per  unit 
volume,  the  current  dsose'y  is 

.V,*," — (t+r,XK)"dJ +  r,X^)  (S) 


where  *  is  the  metal’s  conductivity  or  the  propor¬ 
tionality  constant  of  Ohnt’a  Law. 

Faraday's  Law  of  induction  is  basically  the 
same  a*  Ampere's  fore#  law,  since  the  former 
refers  to  magnetic  field  changes  sad  fixed  charges 
while  the  letter  refers  to  s  fixed  magnetic  field 
end  mo  vug  charge#  To  see  the  similarity  in 
these  two  taws  equation  (3)  is  written  in  a  toon 
general  manner 


d(rx5)  dr  -*  - 


The  scalar  potential,  may  be  defined  from 
(Womb's  Lew  by  considering  the  work  required 
to  cary  the  charge  Q  from  infinity  to  s  instance  r 


t»; 


Floras  2.  Gwt'jy  used  (or  Faraday's  lav  of  induction. 


*h»r*  r  is  i  general  position  vector  of  the  charge 

and  ^^rieth* charge  a  velocity.  For  a  stationary 

chaijc*  eouatian  (9)  five*  on*  form  of  Faraday  a 
law  of  induction. 


A  tnor*  common  form  is  found  by  considering  a 
positir*  mcrossr  in  ths  scalar  electrical  potsotial 
along  tbs  tins  element,  da,  as  »ho«rn  in  Figure  2. 

dg«EdI-{  rx  £)  «-WSx*)-§  (ii) 

Ths  element  of  area,  — d»5®d?.V F  as  shown  in 
Figure  2,  it  generally  used  to  girt  ths  intsgra] 
form. 


where  5  is  sny  open  surface  bounded  by  s  closed 
curve,  ».  By  applying  Stokes’  theorem  to  the  left 
aid*  of  equation  (12)  the  differential  form  is  fuuud 


JE  di-J\?xB)  d? 


TXS— ? 


(13' 

04) 


A  changing  magnetic  flux  density  hss  been 
shown  to  produce  an  electric  field  intensity  of 
rotation al  character  as  given  bj  aqua*  on  (14). 
Ampere,  Rowland  and  Max  wall  have  shown  by 
different  means  that  the  convene  ie  tr  e,  i.e.,  e 
changing  electric  flux  density  will  produce  a 
magnetic  field  intenaity  of  rotational  character 
Thu  constitutes  another  basic  experiments!  rela¬ 
tion  beyond  those  indicated  by  equations  (2)  end 
(J).  Before  this  additional  lew  is  sUted  quanti¬ 
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tatively,  the  continuity  equation  of  electric  flux 
density  T)  and  electric  current  density  j  will  be 
developed  to  establish  their  interrelationship. 

From  Coulomb’s  law  (equation  2)  the  electric 
flux  density  is  defined  as 


The  rate  of  change  of  static  charge  density  term 
can  be  evaluated  from  equation  (19) 

V(qv)+v(j£)=0  (24) 


£)=«/'  = 


<n 

4  XT5 


(15) 


Tiie  net  outw  '.rd  flux  from  an  inclosed  surface  S 
containing  n  number  of  charges  each,  some 
distance  r  form  the  differential  area  JS  is 

(,6> 

where  (lS=rrdSl  and  11  is  a  solid  angle.  Simpli¬ 
fying. 

(,7) 

Applying  the  divergence  tlxeorem  to  35  and  assum¬ 
ing  a  continuous  distribution  of  charge, 

<f(2Qi)f  the  continuity  of  charge  equation  is 
dr  ' 

found 

rS(/S*--fvAfr=-2V.  (IS) 

Js  Jr  <-l 

VD=q  (191 

Jr  is  a  differential  volume  contained  within  the 
closed  surface  S.  Charge  flow  density  qv  can  be 
thought  of  as  electric  current  density  ]  thus 


or 

<l(Vv)+vVq+V-(j^  =0  (25) 

Each  term  of  equation  (25)  can  be  thought  of  as 
being  the  divergence  of  a  different  type  current 
density,  namely,  conduction  convection,  and  dis¬ 
placement,  respectively.  Thus  equation  (25) 
means  that  the  total  current  in  a  specified  direc¬ 
tion  across  any  closed  surface  is  at  any  instant  of 
time  equal  to  zero.  Total  current  across  an  open 
surface  is  then  defined  as  sum  of  the  conduction, 
convection,  and  displacement  currents. 

Maxwell  generalized  Ampere’s  and  Rowland’s 
equations  into  the  following  law  which  has  since 
been  experimentally  verified:  “Work  done  by  a 
magnetic  force  77  in  moving  a  unit  magnetic  pole 
around  any  closed  path  s  is  proportional  to  the 
time  rate  of  increase  of  flux  of  electric  force  E 
through  any  open  surface  bounded  by  a”.  Here 
77,  the  magnetic  force  per  unit  pole,  is  defined  in 
the  same  manner  as  7?,  the  electric  force  per 
unit  charge,  was  defined  in  equation  (2) ;  however, 
in  practice  the  gradient  of  a  scalar  potential  is 
used  in  speaking  of  these  vector  fields  as  in  equa¬ 
tion  (5).  Thi  law  can  be  stated  mathematically 
as 


j=qi  (20) 

The  total  flux  of  charge  flow  leaving  a  volume  t 
must  equal  to  rate  of  decrease  of  charge  contained 
within  that  volume,  assuming  that  charges  are 
indestructible  and  uncreatable.  In  equation  form 
thia  can  be  seated  a  . 

JV)-rf§. - (2t) 

Applying  the  divergence  theorem  to  the  flux  term 

(22) 

Combining  equations  (21)  and  (22)  the  continuity 
of  charge  How  density  can  be  written 

V-(«5)+gJ-0  (*») 


when  the  rationalized  MKS  system  of  units  is 
used,  the  proportionally  constant  is  defined  as 
unity,  and  U  has  the  units  of  amperes  per  meter. 
Just  as  the  electric  permittivity  «  of  an  isotropic 
medium  relates  the  flux  density  to  field  intensity 
in  equation  (15)  the  magnetic  permeability  of  a 
medium  is  defined  as 


5  =  m77  (27) 

The  similarity  between  equations  (12)  and  (26) 
can  be  seen  by  substituting  (27)  into  (26).  Thus, 
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Applying  Stokes’s  theorem  to  B  of  equation  (28) 
the  differential  form  is  obtained 

J> Ji-jwxl). ,IS 

or 

(29) 

The  right-hand  member  of  equation  (29)  refers 
to  the  total  rate  of  change  of  the  electric  flux 
density  through  the  open  area  therefore,  from 
equation  (24)  and  the  discussion  which  follows 
equation  (29)  becomes 

i»xB)-s T+(g)  <30, 

By  substituting  equation  (20)  into  (30)  and 
omitting  the  subscript,  a  more  common  fcrm  is 
obtained,  thus 

(3D 

Equation  (21)  is  known  as  the  differential  form 
of  Ampere’s  law  with  Maxwell's  displacement 
current  included. 

The  continuity  equation  for  magnetic  pole 
density  is  arrived  at  in  s-vme  manner  as  the 
continuity  equation  for  electric  charge  density; 
except,  magnet  :c  poles  are  assumed  to  occur  only 
in  pairs  of  north  and  south  regardless  of  how 
small  a  volume  considered.  With  no  net  magnetic 
pole  density  present,  i.e.,  no  excess  of  either  north 
or  south  poles,  the  continuity  equation  is  simply 
stated  as 

V-B=0  (32) 

Magnetic  flux  densities  caused  by  steady  electric 
currents  may  be  calculated  from  the  Biot-S«vart 
law  which  can  be  derived  from  Ampere’s  law 
using  Green’s  solution  to  Poisson's  equation  By 
defining  s  vector  potential  2t  such  that 

ff=TXv?  and  (33) 

Then  from  equation  (.31)  assuming  no  displace¬ 
ment  currents 

(trxvx^T)- -cm**;  (3«) 

where  the  vector  potential  3  satieties  Poisson’s 
equation  This  equation  has  already  been  pie- 


sented  in  she  scalar  form  by  continuity  of  charge 
equation  (19)  which  takes  the  Poisson  form 


(>i5) 


where  gradient  p,  is  defined  by  equation  (5). 
From  equation  (4)  the  potential  d$,  at  a  point  r 
from  i  he  point  charge  dQ  is 


d^t 


,-.W- 

4«r 


(36) 


Combining  equations  (35)  and  (36)  with 

4 (37) 

where  p,  is  the  potential  caused  by  charge  density 
distribution  q,  or  in  general  by  the  distribution 
within  the  volume  r.  Combining  equations 
(34)  and  (37) 

J.  -r1*-/.  ¥  «» 

Taking  the  curl  of  the  right-hand  term 

,x2:w.[(i),x3+v(i)x3].„[^ 

Here  the  curl  is  with  respect  to  (J)only,  since 

neither  1  nor  dr  depend  on  <.he  coordinates  of  the 
point  of  observation  where  j5  is  evaluated.  Thus 


-it1?* 


(39) 


is  he  generalis'd  form  of  the  3iot~Savert  law. 
B.  Transport  Processes 

Maxwell's  equations  (eqa.  14,  19,  31.  and  32) 
are  relations  for  reversible  processes  while  Ohm's 
Uw  (eq.  8)  is  s  relation  for  an  irreversible  process 
In  genera),  all  transport  processes  occur  irrevers¬ 
ibly  with  a  resultant  entropy  change  of  the  system. 
The  rate  at  which  all  irreversible  processes  arj 
occurring  in  s  given  system  is  equal  to  the  rate  of 
entropy  production  in  that  system  as  bared  on  the 
fundemantal  laws  of  macroscopic  physic  the  lew 
of  conservation  of  mess  end  energy,  the  momentum 
lew  and  the  second  lew  of  lbartno',ynsmics. 
Prof.  R  Fisschi  (1954)  presents  the  development 
of  lbs  theory  of  irreversible  processes  sod  develops 
reciprocal  relations  employing  this  theory  for  the 
case  of  gelvanomagoetic  and  thermomagneUc 


phenomena.  Before  discussing  specific  transport 
processes,  which  are  pertinent  to  this  report, 
a  brief  introduction  to  the  general  theory  of 
irreversible  processes  will  bt  made  as  to  the  pos¬ 
sible  effect  of  a  magnetic  field. 

Fieschi  (1954)  has  presented  the  rate  of  entropy 
production  equal  to  th'  sum  of  the  products  of 
quantities  J,  called  “fluxes"  (eg.,  heat  flow, 
diffusion  flow,  electric  current)  and  corresponding 
quantities  A',  called  “forces"  or  “affinities'  (e.g., 
temperature  gradient,  gradient  of  chemical  poten¬ 
tial,  electric  field  intensity).  In  ttie  most  general 
case,  every  flux  is  caused  by  the  contribution  of  ail 
the  forces  present,  for  instance,  heat  flow  can  be 
caused  not  only  by  a  temperature  gradient  but 
also  by  an  electric  current  in  a  magnetic  field. 
The  coefficients  which  estsblish  the  relationship 
between  s  given  type  flux  Jt  and  another  type 
force  A\  which  produces  thst  flux  is  called  a 
“phenomenological  coefficient"  L„.  Onsager  es¬ 
tablished  thst  L|t  was  equal  to  L„  for  acalar 
processes  and  deGroot  and  Mazui  extended 
Onsager's  theory'  to  include  vectorial  and  tentorial 
processes.  The  number  of  independent  phenom¬ 
enological  coefficients  for  a  process  is  greatly 
reduced  as  a  result  of  these  recipiorsl  relations 
The  end  result  of  these  relations  is  derivsd  by 
Fieschi  (1954)  for  simultaneous  best  transfer  and 
electric  conduction  in  isotropic  metals  when  a 
magnetic  field  ie  present,  in  this  esse  only  nine 
i.  dependent  phenomenological  coefficients  remain 
out  of  •  possible  S64.  Section  I  VC  and  IVD 
estimates  errors  caused  by  three  coefficients  not 
being  3«ro.  since  in  the  equation  of  motion  (S3) 
gaivAcomagntUc  and  thermomagnetic  effects  are 
not  token  into  account. 

When  a  specified  type  of  flux  is  caused  by  the 
same  type  force  or  affinity  T,,  ramus  wail  known 
transport  ia**»  may  be  arrived  at  assuming  the 
following  Lu^srosco*sc  lew  holds: 

7r  WjF,  (40' 

This  equation  holds  in  geoerai  for  the  transport 
of  one  >yoe  property  or  cvmponeet  in  an  inotropic 
medium  Th»  flux  J,  can  he  defined  as  the 
diffusion  Sow  density  of  a  component  i  with 
respect  to  the  canter  of  gravity  motion  and  ■ 
given  by  '-be  aquation 

\41i 

where  p<  is  its  density,  r,  is  its  velocity  and  r  is 
the  bsti  'wliw  velocity.  The  affinity  cm  be  the 


gradient  of  the  density  of  component  i  or,  more 
generally,  the  gradient  of  the  potential  of  com¬ 
ponent  f.  In  practice  the  phenomeiologica1 
coefficient  L,  is  often  called  the  conductivity  of 
the  medium  for  transporting  property  i.  Sub¬ 
stituting  these  definitions  equation  (40)  becomes 

Pi(5i-e)  =  I,Vd,  (42) 

where  p,  is  the  potential  of  component  i. 

Foi  a  variable  component  i  density  a.id  an  in¬ 
compressible  fluid  of  mass  density  p  the  equation 
of  continuity  (23)  is 

(43) 

T  (p5)--~  «0or  V  ?=0  (44) 

Taking  the  d  vergence  of  equation  (42)  allows  us 
to  consider  a  changing  p,  contained  within  a 
differential  volume,  tuus 

V  (p.rd— (45; 
By  equation  (44) 

r(p,i)=p1tr5+5-vp1-=5-vp1  (44) 

Combining  equations  (4-31,  (451.  snd  (46)  the 
transport  equation  which  is  applicable  to  both 
the  steady  and  unsteady  state  of  p,  is  found 

~  +  rTp,«I,V**  (47) 

where  the  second  term  <  n  the  left  accounts  for 
convective  Lamport.  For  transport  occurru^  to 
the  eh-meni  of  mass  whose  baryrentrk  velocity 
ie  i  the  mobile  operator  is  emphyed  which  is 
defined  as 

D  6  - 

Ur«+r*  {u) 

Equation  ts7)  then  becomes 

C49> 

The  shove  derivation  holds  true  when  p,  and 
4,  are  scalar  functions;  however,  in  special  cans 
a  similar  forr*»  is  arrived  at  for  the  transport  at 
vector  prop**  >m«  each  ns  momentum  and  mag- 
wjf  flux.  TiW*  I  emm. name*  the  remit  of 
applying  equatin''  (491  to  the  transport  of  electric 
'-t  large.  Hr  it.  mess,  and  indicates  an  anaingo-i* 


Tam.!  I 


Transport  processes  applied  to  equation  ;  19) 


1 

i 

IViperty  or  com|>oueti 
irmrttportfd. 

Potential  causing  the 
transport  e. 

i 

Phenomenological  coefficient  I 
or  conductivity,  /„ 

1  l 

Name  of  law  | 

! 

1 

I 

Ueetric  charge  density,  f 
llent  density.  *0,T 

Nu-i  density  of  compo¬ 
nent  .4.  >. 

Momentum  density,  i1 
Magnetic  flux  demit  y,  if 

Dertric  potential,  ■>, 
Trrn|*n»t  urr.  T 

M mu  demit  y  of  cotnpo* 
nenl  .1, 

Vrtorily,  ? 

Magneti**  iuu-  »i;>,  fj 

| 

KJcctrical  conductivity,  »  j 
Thermal  conductivity,  k 

Mass  transfer  diffusivily,  1 
tom  | 

,  Atmolute  viscosity.  «* 

!  S2»vt.‘ical  resistivity,  »->  \ 

! 

Ohm 

Biol- Fourier 

Tick  1 

[ 

Xavier  1 

MarwcU-Ohm,  am  equa- 
tioa  (77) 

form  for  the  transport  of  momentum  and  mag¬ 
netic  flux. 

C.  SanhMNta  Transport  of  Mote  Thu  Om 
Property 

When  more  than  one  pronerty  is  transported 
relative  magnitudes  may  be  obtained  by  consider¬ 
ing  the  terms  listed  in  Table  I  as  they  apply  to 
equation  (49).  With  the  exception  of  charge 
transport  like  pain  of  properties  and  potentials 
ran  easily  be  converted  to  the  same  units.  The 
resulting  coefficient  is  called  the  diifusivity  which 
is  the  ratio  of  conductivity  to  capacity  for  that 
particular  procem.  Diffusa  cities  of  various  materi¬ 
als  for  transporting  heat.  mass,  momentum,  end 
magnetic  flux  density  are  given  in  Table  2  in 
l'^r'(MKS).  Relative  ease  of  transport  of  one 
property  compared  to  another  may  be  found  by 
simple  division.  Thus,  dimensionless  numbers, 
etch  ss  the  Prandtl  number  and  Lraia  number, 
see  defined  in  this  manner. 

Leaving  charge  transport  out  of  thane  compari¬ 
sons  wee  necessary  because  of  the  manner  in  which 
the  potential  woe  originally  defined.  A  more 
significant  equation  ran  be  found,  however,  by 
applying  equation  (Til  to  (49).  thus 

&~'S  « 


(^liquid  metal 

dielectric  fluid”' 


/  10*  to  10* 
\l(F»t©  10* 


(51) 


Tlius,  unless  exceedingly  high  voltage  gradients 
are  vruoiintercd  in  *  liquid  metal  system  the 
eieclnr  charge  density  can  be  neglected  and  the 
simpler  steady  state  form  of  Ohm’s  law  (equation 
5  or  42)  can  be  applied.  For  the  tame  reason 
Maxwell's  displacement  current  in  equation  (31) 
ran  be  neglected  and  the  total  current  can  be 
considered  to  Bow  in  a  cioasd  circuit  just  ae 
magnetic  flux  Unas  form  dosed  circuits 

In  'll  but  the  more  poorly  conducting  metals, 
the  electronic  contribution  to  the  thermal  conduc¬ 
tivity  completely  overshadows  the  effect  of  lattice 
vibrations,  so  that  the  whole  of  the  heat  trans¬ 
ported  can  he  regarded  as  being  earned  by  the 
elect  rone  la  a  metal,  therefore,  the  same  daes 
of  carrier  transports  haul  and  electric  charge. 
The  Wisderraan-Fivos  taw  expresses  the  conse¬ 
quent  state  of  proportionality  between  the  thermal 
conductivity  k  and  the  electoral  conductivity  r. 
thus 


,4-Kt)' 


2  45X»0-* 


volte* 


(53) 


A  comparison  between  liquid  metals  and  non¬ 
polar  didsrUw  fluids  for  the  tetre  ssarlrir  charge 
density  gives  draatrally  liferent  discharging  rates 
AoMnung  that  ths  elsruir  permittivity  for  both 
materials  to  be  aporoaumaUly  tor  same  the  follow¬ 
ing  results  are  obtained 


fC  « IMtaman  gas  constant 
i*  charge  on  the  slot  iron 

Coe  of  this  LocenU  number  !j>  has  been  mad*  by 
Miller  and  Epotein  (Jackson,  1955.  p  3*.  in 
analysing  conflicting  espenmeotel  values  for  the 
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Table  2 


Transport  diffuaivitios  of  selected  fluid** 

Diffusivity.  met*r*’ 

sec 

Fluid 

Tempera- 

Mass,  Dm 

Magnetic  Flux,**** 

H^at,  * 

Momentum,  r 

ture  °C 

t 

Acetone 

0 

-1.  4  (11) 

1.  13  (-7) 

4  88  (-7) 

15 

~1-  4  (11) 

1.09  (-7) 

4.22  (-7) 

30 

-1.  4  (11) 

1.  02  (—7)  •*• 

3.  80  (-7) 

Air  (at  one  atmosphere 

0 

1.32  (-*)•• 

1.  83  (-5) 

1.33  (-5) 

pressure). 

40 

1.63  (-7) 

>1.0  (20) 

2.32  (-5) 

1.69  (-5) 

100 

2.  12  (-7) 

3.  16  (-5) 

2.31  (-5) 

200 

3.03  (-7) 

4.  86  (  — 5)**’ 

3.  46  (-5) 

Mercury 

0 

1.  33  (-9) 

7.  48  (-1) 

1  24  (-7) 

100 

2.  20  (-9) 

8.  20  (-1) 

9.  15  (-8) 

200 

2.  91  ( —  9) ••• 

8.01  (-8) 

300 

3.  51  ( —  9)  •  •  • 

1.02 

7.38  (-8) 

Potast'um 

100 

1.23  (-1) 

7.  15  (-&)••• 

5.31  (-7) 

200 

1.  73  (-1) 

7.  18  (-5) 

3.  76  (-7) 

300 

2.  24  (-1) 

7.  11  (-5) 

2.  95  (-7) 

400 

2.  75  t—  !)••• 

7.  00  (-5) 

2.  SO  (  —  7) 

Sodium 

100 

4.  13  (-9) 

7.  15  (  — 2)**» 

7.  o3  ( —  5)  *•• 

7.  61  (-7)  ! 

200 

8.20  (-9) 

1.  08  (-1) 

6.  73  (-5) 

4  98  (-7)  | 

300 

1.30  (  — 8)**» 

1.  39  (-1) 

6.60  (-5) 

3.911-7) 

400 

1.  78  (-8)*** 

1.  75  (-1) 

6.  48  (-5) 

3-31  (-7)  I 

XaK  77  (77.2  wt.  % 

50 

2.  94  (-1)**» 

2.  38  (-5)*** 

6  52  (-7)»*‘ 

potassium  and  22.8 

190 

3.  12  (-1)*»» 

2.  8{  (  — 5)»*» 

6  €5  (-7) 

wt.  %  sodium). 

150 

3.31  (-1) 

3.08  (-5) 

4  59  (-7) 

200 

3.  53  ( —  1 ) 

3.29  (-5) 

3  89  (-7) 

250 

3.  79  (-1) 

3.  48  (-5) 

3  44  (  —  7) 

300 

4.  08  (-1) 

3.64  (-5) 

3.C8  (-7) 

350 

4.  37  (-1) 

3.  74  (-5) 

2.  82  (-7) 

400 

4.68  (-1) 

3.83  (-5) 

2  65  (-7) 

Water 

0 

1.45  (-9) 

6.  68  (11) 

1  31  (-7) 

1  79  f  — 6> 

10 

2.02  (-9) 

3.  33  (11) 

1.  38  (-7) 

1  31  (-6) 

20 

2.  64  (-9) 

1.89(11) 

I.  43  (-7) 

l-  01  (-6) 

30 

3.  39  (-9) 

1.  12  (11) 

1.48  (-7) 

6  05  (-7) 

100 

1.34  (-8)*** 

I.  03  (10)«» 

1.68  (-7) 

2-  96  (  —  7) 

•See  Apiiendix  L)  for  physical  data. 

••Notation  means  (n)— X  (10)*,  eg.,  1.32  i.— '/)  —  1.32X  10"'. 
•••Extrapolated. 

••••Aaauming  a”<<*=4  r  (  —  7). 


electrical  conductivity  of  aodiuin-potaaaium  alloys. 
According  to  Bosworth  (1952)  only  the  tranaition 
metals  and  bismuth  yield  Lorentz  nuinleio 
significently  different  than  the  theoretical  value. 

Additional  dimensionless  numbers  may  be  found 
from  the  general  transport  equation  by  considering 
pertinent  induced  forces  under  steady  state  con¬ 
ditions.  Under  this  condition  equation  (47) 
becomes 

vVpt^L,V’4,  (53) 


For  relatively  small  disturbances  the  outward 
transport,  iVptl  and  the  opposing  affinity, 
may  be  approx  mated  by 

7  Vp.  proportional  to  r  (54) 

L,VV,  proportional  to  L,  (55) 

as  far  as  orders  of  magnitudes  are  ooncsrnsd, 
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where  d  is  a  characteristic  dimension  of  the 
system.  When  momentum  is  transported,  the 
outward  transport  is  generally  called  an  inertia 
force,  Ji,  assumed  tc  be  opposed  only  by  a  viscous 
force  (no  static  pressure  gradient).  Where  a 
static  pressure  gradient  or  other  forces  exist  the 
ratio  of  inertia  '  tree  to  viscous  force  is  defined  as 
being  proportional  to  the  Reynolds  number  which 
take*  the  following  form 


Jr 

l 


r-V(pr) 

pnV*F 


prop. 


(56) 


For  the  transport  of  heat,  which  is  a  scalar  quan¬ 
tity.  equation  (53)  completely  describes  the 
general  steady  state  case,  so  that  equations  (54) 
and  (55)  are  always  equal,  thus 

rV(pC,T)=kVT 

or 

V,  prop.  ~  (57) 

This  convective  velocity  1',  produces  a  frictional 

force  /„  given  by 

/,=»p»V*r  prop.  (56) 

According  to  Archimedes'  law  the  gravitational 
force  or  buoyancy  force  acting  on  the  element  of 
fluid  volume  at  temperature  T  ia 

?p.**?*e«(T.—  D  (59) 

where 


or  thecoe&cit&t  of  volumetric  expansion 
7", —meat,  temperature 

When  r>T.  the  fluid  element  will  have  •  net 
buoyant  fore*  acting  upward  which  ia  opposite  to 
> cavity.  For  free  convection  heat  transfer  be¬ 
tween  two  infinite  honxonleJ  plates  the  only  force 
producing  the  convective  velocity  T,  »  aeeumed 
to  be  the  buoyancy  force/,  and  the  mean  velocity 
1*.  m  aero.  The  measure  of  the  instability  of  such 
a  layer  of  fluid  would  he  the  ratio  of  /,  to  /„  thus 
applying  equation  (57)  Vo  (5ft) 

/!  prop  pft>P  (*>) 


Rayleigh  (1916)  originally  established  this  criteric 
of  thermal  instability.  An  exact  solution  to  this 
convection  problem  is  given  by  Reid  and  Harris 
(1958)  w  hich  predicts  that  the  critical  value  of  the 
Rayleigh  number  for  onset  of  convection  is 
1707.i82.  When  the  operating  conditions  of  size 
and  temperature  difference  are  factored  out  of  the 
Rayleigh  number,  the  remaining  terms  are  col¬ 
lectively  called  a  convective  modulus.  Table  3 
g  ves  values  of  this  convective  modulus  for  various 
fluids  at  different  temperatures  assuming  the 
gravity  to  have  a  value  of  9.806  meters, 'second* 
Another  interesting  thermal  convection  parame¬ 
ter  may  be  arrived  at  by  considering  the  ratio 
squared  of  inertia  force  to  the  viscous  force.  As 


Ta*ls  3 


Convective  moduli  of  selected  fluids* 

1 

!  fluid 

Convective 

Tempers- 

Modulus- 

1 

turn,  *C 

rf  meters*  *C 

Actions 

0 

2.34(11)** 

15 

3.02(11) 

1 

30 

3.  35(1 1)*»* 

!  Air  let  one  attooe- 

0 

1  47(3) 

p8ert  pressure) 

40 

100(7) 

1QO 

3.30(7) 

SCO 

1.  23(7)*** 

Mercury 

0 

1  23t#)sss 

100 

171(9)  1 

200 

300 

154v9) 

!  Potassium 

100 

7.  57a)»»* 

200 

1.  10  3) 

300 
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before,  the  convective  velocity  l’£  is  assumed  to 
he  produced  only  by  the  buoyancy  force/,.  For 
the  simplest  boundary  conditions  of  V,=d=t=0 
under  a  constant  acceleration,  gaOT,  the  following 
is  found 

11  =  2  (gaATy  (61) 

Substituting  the  above  I  to  the  square  of  equation 
^56)  the  Grashof  number  is  obtained 

(fO'-PsS^J prop  PrJ  pr,,p  ^"6V 

(62) 

According  to  Jacok  (1949,  p.  47s),  Grocber  was  the 
first  to  call  this  quantity  the  Grashof  number. 
Thus,  the  Grashof  number  may  be  interpreted  as 
proportions'  to  the  square  of  the  Reynolds 
number  for  a  convective  stream  or  cell  with  a 
characteristic  dimension  d. 

Section  3. 

DEFINITION  OF  THE  PROBLEM 

A.  Electromagnetic  Buoyancy  Force 

Charge  conduction  in  metals  is  known  to  be 
carried  by  a  continuous  cloud  of  relatively  free 
valence  electrons.  By  assuming  a  simple  damping 
force  for  electron  flow,  as  was  done  in  deriving 
equation  (Si,  and  accounting  for  motion  of  the 
conducting  material  e  more  general  conduction 
equation  mav  be  derived.  The  total  force,  often 
called  the  Lorent*  force,  on  these  electrons  per 
unit  volume  of  space  is  given  as  a  sum  of  a 
Coulomb*  force  (equation  1)  and  a  Ampere's 
force  (equation  3),  thus 

/,-.V/>.(£r?.x£)  («> 

where 

,V( -a  number  of  conducting  electrons  per  unit 
volume 

(), .  electric  charge  per  electron 

To  account  for  the  motion  of  tbe  conducting 
medium,  equation  (41)  is  used  to  give  the  electron 
transport  through  this  conductor  material,  thus 

J-.V.V.ii.-P 

or 

<M) 


Combining  equations  (63)  and  (64) 

J, = N ,<},{¥:+  7  X  U)  +  Jx  B  (65) 

This  force  is  in  equilibrium  with  a  damping  force 
which  is  assumed  proportional  to  the  conducting 
electron’s  relative  velocity,  thus 

7t=7d«i«.=A>,(r,-F)o, 

or 

IN.<M*;+FXB)+/XR]  (66> 

The  conduction  current  density  is  found  to  be 

J=X.V.(t.-c)=Mf (7Mx5)+-^-  J XB) 

m/t,  mji, 

(67) 

However,  by  definition,  the  cross  product  jXli 
cannot  have  a  component  in  the  direction  of  j; 
thus,  equation  (57)  reduces  to 

/=*  (E+tXB)  (68) 

where,  as  in  equation  (3), 

..Ml 

m«a. 

In  general,  motion  in  a  magnetic  field  will  cause 
both  the  electric  current  and  electric  field  intensity 
to  varv  as  predicted  by  equations  (14),  (31),  and 

(32).  ' 

In  paragraph  2  of  part  IIC  we  aaw  that  the  net 
electric  charge  density  can  be  neglected  in  metal 
tvs'ems  where  exceedingly  high  voltage  gradient* 
are  not  encountered.  Then,  the  electromagnetic 
body  force  of  equation  (65)  reduce*  to 

7.=JxB  (69) 

This  body  force  acta  on  the  i.iaaa  of  the  conductor 
and  does  not  affect  the  distribution  of  the  current 
density  within  the  conductor  (Campbell,  1923, 
p.  M.  and  Fieecht,  1937,  Chapter  III)  even  where 
the  Hall  eject  is  found. 

In  the  free  convection  experiment  of  Urn  report, 
en  impressed  electromagnetic  body  force.  J,.xf<, 
will  bo  made  to  act  in  tbe  plane  of  the  gravitation!  I 
body  force,  *?.  A  small  maaa  of  fluid  will  experi¬ 
ence  a  buoyancy  force  bj when  its  temperature  T 
is  greeter  than  the  mean  value  T.  by  of:  thus. 

+  (70) 


esemo-ea — » 
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which  is  Archimedes'  buoyancy  force  plus  an 
electromagnetic  buoyancy  force.  The  only  tem¬ 
perature  dependent  terms  in  equation  (70)  are 
the  mass  density  o  and  the  electric  current  density 
J.  Applying  equations  (59)  and  (68)  to  (70)  the 
total  buoyant  force  becomes 


df-^pdp +( (£  xfiia*  _ 

=  -a^dr+(^XB) 


or 


where 


<*Po0— o*(joi«X  B)  (71) 


o« — ^£j.or  the  coefficient  of  thermal  expansion 
IhOT 


dv 

°r  temperature  coefficient  for  electric 
conductivity  change 


Both  coefficients  are  defined  so  that  positive  val¬ 
ues  are  reported  for  practicady  all  metals.  The 
equivalent  gravitational  field  g*  created  by  the 
electromagnetic  buoyancy  force  may  be  defined 
by  the  relation 

(72) 


Equating  the  net  buoyant  force  in  equations  (71) 
and  (721,  the  number  of  equivalent  "gravities”, 


g*<gc,  is 

g*  aeUotmXB)  <73) 

g,  apr>g. 

Figure  3  gives  the  practical  range  of  "gravities” 
or  g*lgt  for  various  liquid  metals  and  Appendix 
C,  Part  I,  gives  the  sample  calculations  used  in 
arriving  at  the  various  lines. 

B.  Magnetic  Field  Changes  Induced  by  Motion  of 
the  Conduction  Fluid 

In  Section  2.B.  the  solution  for  the  case  of 
magnetic  flux  diffusion  in  a  moving  liquid  was 
indicated  but  not  proven.  A  general  equation 
for  this  case  is  derived  here  in  the  manner  indi¬ 
cated  by  Cowling  (1957,  p.  4>.  The  question  as 
to  whether  the  magnetic  field  lines  are  changed 
by  thermal  convection  motion  is  of  great  impor¬ 
tance  to  this  report,  because  the  constancy  of  the 
electromagnetic  body  force  is  directly  affected. 

Maxwell’,  equations  are  rewritten  below  for  the 
case  of  negligible  displacement  currents: 


VXE-f 

(14) 

axb=«,a/-=o 

(31a) 

v  B=o 

(32) 

IOO 

1*0 

ISO 

140 

no 

100 

so 

so 


40 


to 


Ftot-as  S.  Paasibfe  "psvtUw"  otoUiaabk  for  varvwj*  liquid  sSih 


Combining  (14)  with  Ohm's  general  law  of 
conduction  (68) 

f„,x(i-iX*) 

|f=VX(r  <B)-— '  (74) 

0?  9 

From  (31k)  a».*l  letting  t »=(*m)_i 

f-rxexS,-^ 

^=iv .  .  fB|-,  [w.  S-vvbi 

01 

(75) 


its  dimension  or  a  rotational  component  would 
effect  B. 

The  last  term  of  equation  (77)  gives  the  rate 
at  which  the  magnetic  field  diffuses  through  the 
fluid.  For  a  dielectric  material  (e-»0)  there  is 
negligible  resistance  to  diffusion  on  a  laboratory 
scale. 

The  relative  importance  of  the  constraining 
term  to  the  diffusional  term  is  brought  out  in  the 
magnetic  Reynolds  number, 

prop,  (80) 

Thus  for  the  proposed  thermal  convection  experi¬ 
ment 


From  vector  calculus,  assuming  incompressible 
flow,  and  equation  (32) 


.0  cm/sec,  n„um 


V  l?=rV  5+B  Vr=ff Vi 

V  ■  fw=15v .  r + r  ■  vff=  e  vB 

Substituting  this  into  (75) 

^f=.|Z?  Vr-?  vai+s^g  (76) 
ot 

Applying  the  mobile  operator  which  is  defined 

by  equation  (4R).  the  following  general  transport 
equation  is  obtained: 

^-?Ti+tr*S  (77) 

The  term  fir*  implies  that  the  field  changes  ,ure 
the  same  as  if  the  magnetic  lines  of  force  are  con¬ 
strained  to  move  with  the  malerisl  when 
For  the  ideal  liquid  (•*»•),  IjUtidquisl  (1951)  inte¬ 
grated  this  equation  by  considering  any  finite  de- 
plarement  (  and  obtained 

B,-B,+('B.  V)|  (78) 

When  B  is  initially  a  uniform  field  in  the  r  direc¬ 
tion  the  equation  becomes 

Thus  wily  motion  which  is  position  independent 
will  tail  to  change  B  Considering  the  motion 
of  an  element  of  mass  sdtdS.  s  efatnr*  in  ««hsr 


=3.2(16*)  cm*. 'sec 

flr*=3.7(10-‘) 

On  this  basis  the  constraining  effect  appears  neg¬ 
ligible  compared  to  the  diffusional  effect,  i.?.,  the 
flux  linea  slip  or  diffuse  easily  through  the  moving 
mast.  This  is  sufficient  indication  to  say  that  Luc 
imposed  magnetic  field  would  not  be  distorted  by 
thermal  convection  currents. 

C.  Uectromagnelic  Body  Force  Changes  Induced 
by  Motion  of  Conducting  Fluids  in  a  Magnetic 
Field 

Motion  of  a  conducting  liquid  in  a  magnetic 
field  will  produce  an  electric  field  according  to 
equation  (IS).  Chandrasekhar  (19S4)  has  pre¬ 
dicted  that  thermal  convection  sets  in  as  longi¬ 
tudinal  rolls  when  the  magnet*'  field  has  a 
horixontal  component  and  the  heat  transmission  oc¬ 
curs  between  two  infinite  borixontal  planes.  Those 
rolls  are  longitudinal  with  respect  to  the  magnetic 
field,  i.e..  the  axis  of  rotation  is  mutually  per 
pendiculsr  to  both  the  magnetic  and  gravitation  si 
fields.  Motion  of  this  type  induces  the  least 
reaction  with  the  magnetic  field,  thereby  produc¬ 
ing  less  induced  drag.  Motion  along  the  roll  * 
axis  of  rotation  is  greatly  inhibited,  since  magnets 
induction  occurs  in  this  direction  and  the  coo  vac - 
tivr  driving  force  acts  only  in  the  direction  o 
gravity.  Under  the  conditions  of  the  planned  ex¬ 
periment,  motion  may  therefor*  be  assumed  to 
occur  only  in  the  gravity-magnetic  field  plana,  and 
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no  velocity  component  will  exist  in  the  direction 
of  the  impre.wed  current  used  for  the  electro¬ 
magnetic  body  force.  When  turbulence  is  en¬ 
countered,  small  fluctuation  velocities  would  hr.  in 
all  directions;  however,  major  motions  would  still 
he  constrained.  In  the  case  of  water,  Schmidt  and 
Saunders  (19.  ’)  found  a  sharp  transition  from 
cellular  to  turoulent  motion  at  a  Ra= 45,000. 

When  me: ;on  is  confined  to  the  gravitv-magnetic 
field  plane,  induced  electric  fields  resulting  in  this 
motion  must  always  he  along  the  axis  perpendic¬ 
ular  to  tl  *s  plane  by  equation  (68).  .ince  the 
electric  field  applied  to  create  the  electromagnetic 
body  force  is  along  this  same  axis,  the  resultant 
electric  field  K  in  equation  (68)  must  always  be 
parallel  to  this  axis.  Thus,  for  the  convective 
motion  expected,  the  net  electromagnetic  body 
force  will  always  act  along  the  gravity  axis,  but 
will  not  be  of  a  constant  magnitude.  Variance  of 
this  body  force  will  depend  only  on  the  vertical 
component  of  velocity  at  any  given  point. 

By  combining  equations  (68)  and  (69)  the  net 
electromagnetic  body  force  is  found  to  depend  on 
the  components  of  the  electric  field  and  velocity 
which  are  transverse  to  the  impressed  magnetic 
field,  thus 

/.=*(£-(- Xr |J)XB-#<£x /*)-#«*»,  (81) 

Where  the  term  containing  r,  it  the  induction  drag 
which  acta  as  s  strong  “viaeoaity.’’  tending  to 
destroy  motion  acroa*  the  magnetic  flux  lines, 
t 'handraaekhar’s  (1952.  ltfM)  final  criterion  for 
thermal  stability  in  a  magnetic  field  was  the 
Rayleigh  number  and  the  square  of  the  Hartman 
number  A f  which  ia  proportional  tc  the  ratio  o> 
magnetic  "viscous’’  dr«g  force  to  the  ordinary 
viacoui  force  of  equation  (58).  thus 


tion  while  the  horizontal  component  had  no  effect 
on  thermal  stability.  Since  the  conclusions  of 
different  investigators  have  not  been  in  complete 
agreement,  one  phase  of  the  planned  experimental 
program  will  determine  the  effect  which  the  hori¬ 
zontal  magnetic  field  has  on  thermal  convection. 

The  transverse  electric  field  7?,  in  equation  (81) 
will  coincide  with  total  electric  field,  since  the 
total  electric  field  must  be  transverse  to  the 
gravity-magnetic  field  plane.  Direct  evaluation 
of  E,  is  difficult,  since  it  depends  on  the  electric 
field  created  by  motion  transverse  to  the  magnetic 
field  and  on  the  impressed  electric  field.  How¬ 
ever,  in  the  experiments!  phase  which  determines 
the  effect  of  the  horizontal  magnetic  field,  the 
electric  field  induced  by  motion  must  already  be 
included  in  the  final  correlating  equation.  Thus, 
by  impressing  an  electric  field,  a  uniform  electro¬ 
magnetic  body  force  will  result  which  is  in  addition 
to  that  induced  by  the  motion-magnetic  field 
effect. 

D.  Equation*  U*ed  in  Correlating  Data 

Before  stating  the  final  integrated  equations 
which  are  applicable  to  our  experiment,  the 
general  differential  equation  of  motion  will  be 
written.  Actually,  all  part*  of  the  equation  of 
motion  have  already  been  discussed  in  the  pre¬ 
ceding  text,  but  they  have  not  keen  added  to 
form  a  more  general  equation.  The  time  rate  of 
change  of  momentum  D(/!f)/Dt  is  assumed  to  be 
in  equilibrium  with  a  viscous  force  (Table 

1,  Xavier's  law),  s  dynamic  force  or  static  pressure 
gradient  Vp,  a  gravity  force  t§  and  an  electro- 
magnetic  force  jXfi  (equation  69),  thus 

— rp+ef+jxB  (A3) 


y: 


-^prop 


rflV 


■A/* 


(83) 


Actually  Chandrasekhars  magnetic  parameter 
included  only  the  vertical  component  of  fi  and 
considered  the  horizontal  component  separately. 
When  no  vertical  component  of  B  is  present, 
r'hanuraeekhar's  solution  is  no  longer  applicable 
However,  Cowling  (1957,  pp.  67-73)  arrives  at  the 
same  Hartman  number  criterion  for  the  horizontal 
field  rese,  only  B  in  aquation  '93)  is  the  horizontal 
component.  Lehnert  and  Little  (1957)  experi¬ 
mentally  found  that  the  vertical  component  of 
magnetic  flux  would  inhibit  the  onset  of  coovec- 


As  discussed  previously  the  electric  current 
density  in  equation  (83)  is  the  sum  of  the  impressed 
current  }M  and  an  induced  current  caused  by 
.notion  in  the  magnetic  field.  Because  of  en 
imposed  vertical  temperature  gradient,  variation* 
in  mass  density  and  impressed  current  density  will 
occur.  As  Rayleigh  (1916)  has  shown  for  mass 
density,  these  variations  need  be  oomoderad  only 
as  they  modify  gravity,  thus  applying  equation 
(71) 

eg-4- ;^.xB-*^(l w^T) 

(M) 


The  induced  electric  current  density  may  be 
eliminated  by  use  of  equation  (31a),  thus  from 
vector  calculus 

(85) 

From  Table  I  the  Biot-Fourier  equation  for  beat 
transfer  is  written 

(86) 

Equations  (32),  (77),  '83-86)  are  equations  of  the 
problem  which  Chandrasekhar  (1952,  1954)  used 
to  develop  his  theory,  except  the  last  term  in 
equation  (84)  was  not  present. 

Nakagawa  (1960)  has  extended  Chandrasekhar’s 
theoretical  werk  to  yield  a  usable  heat  transfer 
equation.  In  the  region  of  marginal  stability 
Nakagawa  found  that 

(87) 

where  k'  and  critical  Rayleigh  number  Ra,  are 
completely  known  functions  of  the  vertical 
Hartman  number  squared,  AP.  The  homontal 
magnetic  field  case  will  then  be  assumed  to  be  of 
the  same  form;  except  that  k'  and  Ra,  will  be 
experimentally  determined  functions  of  the  hori¬ 
zontal  Hartman  number  squared. 

When  no  electric  current  is  impressed  on  the 
test  veil,  as  in  Chandrasekhar’s  and  Nakagawa’s 
work,  the  net  electric  current  (lowing  across  the 
entire  teat  cell  is  *ero,  since  the  net  mass  flow  rate 
is  sero.  The  net  result  is  only  an  increase  in  drag 
or  a  magnetic  viscosity  effect,  which  can  br 
evaluated  bj  the  method  in  the  preceding  para¬ 
graph  An  impressed  electric  current  can  then  be 
used  to  create  the  uniform  buoyancy  force  given 
by  equations  (7i)  and  (84).  The  addition  of  f*, 
.riven  by  equation  (73),  to  the  ground  level 
gravity  y,  equals  the  net  equivalent  grsvity  f 
which  can  be  applied  to  a  dimensionless  convection 
parameter  such  as  the  Rayleigh  number 

Section  4. 

ANALYSIS  CK  POSSIBLE  ERRORS 

A.  Magnetic  Field  Induced  by  ea  Impressed  Electric 
Current 

Equation  (39)  give*  the  generalised  form  of  the 
Biot -Safari  law  for  the  magnetic  field  induced  by 


a  steady  electric  current.  Since  an  electric  current 
will  be  impressed  on  the  test  cell  (Figure  1),  a 
solenoidal  magnetic  field  will  he  produced  which 
will  interact  with  any  impressed  magnetic  field. 
Figure  4  gives  the  geometry  used  in  evaluating 
equation  (39),  where  the  elementary  volume 
dt=dxdydz  incloses  the  point  Q(x,y,z).  At  point 
P(*i.!h.2i)  the  magneticfield  B  is  induced  by  the 
electric  current  density  j  located  at  point  Q(x,y,  2). 

The  axes  are  chosen  such  that  all  the  current 
flows  along  the  positive  z  direction.  Since  the 
current  flows  in  a  closed  path  along  the  conduc¬ 
tors  outside  the  cell  and  in  the  same  direction 
inside  the  cell,  integration  is  taken  along  an  infinite 
line  parallel  to  the  z  axis  and  passing  through 
point  Q.  Let 

X=X~  X, 


then 


Y=y-y  i 
7=2— 2, 
a:=A»+r 

r>=a,+7' 

.  *T  - 


(88) 


UXr|  =  ,a 

dX=dx,dY=dy,dZ=dz 

Substituting  the  5th  and  6th  expressions  of  equa¬ 
tion  (88)  into  the  general  Biot-Savart  law  and 
integrating  with  respect  to  z 

-hI{ow*Lrf,rfy 

m 

irjt  a 

The  factor  j  is  not  a  function  of  position  for  the 
following  reasons:  (P  according  to  King  (1945, 
p.  338)  the  current  density  is  constant  throughout 
the  conductor  when  the  electric  field’s  frequency 
of  oscillation  is  low,  and  (2)  according  to  Campbell 
(1929.  p.  13)  and  Fieschi  (1954,  Chapter  III)  the 
magnetic  field  has  no  effect  on  the  electric  current 
distribution  When  a  vertical  temperature  gradi¬ 
ent  is  imposed  on  the  lest  cell,  s  small  current 
density  variation  will  occur,  since  the  electrical 
conductivity  is  temperature  dependent.  Baaed 
on  physical  property  data  in  Jarkaon  (1955,  p.  35) 
for  NaK  77  between  I5»>  and  200*  Ci  1%  varia- 
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tion  in  j  will  be  caused  by  a  AT— -(0. 01) a  avg. 

(|^)=(0  01)(43.0)(H)=7.68°  C.  Assuming  a 

convective  modulus  of  1.72X10*  (given  in  Table 
III  for  NaK  77  at  .'00°  C)  and  a  depth  of  3.0 
inches  for  the  test  cell  the  critical  temperature 
difference  ATc  for  the  onset  of  convection  is 


Thus,  the  variation  in  j  will  not  exceed  1%  until 
the  temperature  gradient  exceeds  344  times  the 
normal  critical  temperature  for  the  onset  of  con¬ 
fection. 

Proceeding  with  the  integration  in  thr  xy  plane 
the  components  B,  and  B,  may  be  found.  By 
similar  triangles 


/?a<=  1708=  1.72(10*)  d3AT, 

*T--rjmmhwrr°M23‘c  m 


-dBy^—dB  and  dB^—^dB 
a  a 


1 


Fiittra*  4.  OtwHw  taad  la  rralwuiat  IW  Biot-Sara rt  La*. 
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Combining  with  equation  (89)  and  assigning  the 
limits  of  x  as  — ^  to  ».vnd  y  as  — to  the 
following  is  obtained 


-xx)ihdz 


Integrating 


cor‘  r~ 


w  w 

j-"7'  tw  \  2  ' *' 

j - (j+„)  M  -  j— 


-  HH) 


(5-., )■+(?-».) 


(r»')'+(f+'')' 


Hil)L(RRfWj) 

7:~t\ 

2 

-  V4  ✓ 


K§+*) 

Hi-5) 


f(s-')'Hi-|,')1.  r_*.\ 

***  /*  V  (*  V  +v<  3  ■ 


Appendix  C-II  gives  the  sample  calculations 
for  evaluating  equations  (93)  and  (94)  by  using 
the  test  cell’s  planned  configuration  and  maximum 
current  densities.  Table  4  summarizes  these 
results  when  the  total  current  is  200  amperes 
and  w=rf=3.0  inches.  The  maximum  magnetic 
flux  will  occur  at  the  outer  z-y  perimeter  of  the 
cell  and  will  decrease  to  zero  along  the  (0,  o,  *,) 
cell  center  line.  If  the  impressed  magnetic  field 
is  varied  between  900  and  8,000  gausses,  the 
impressed  electric  current  will  affect  the  resultant 
magnetic  field  by  no  more  than  1%.  Much 
leas  error  can  be  introduced  by  proper  mutual 
adjustment  of  the  impressed  magnetic  field  and 
electric  current. 

B.  Joule  Hcstiag  Effect 

Without  an  impressed  electric  current,  thermal 
convective  motion  in  the  magnetic  field  produces 
an  induction  drag  according  to  equation 

(81).  Thia  magnetic  "viscosity’'  effect  dissipates 
ita  energy  through  induced  current  or  joule  type 
heating  which  can  be  taken  into  account  by 
application  of  equation  (87).  A  maximum  esti¬ 
mate  of  tbit  effect  is  given  aa  follows: 

•"‘  —  tl-COO"')  ohm  meter,  tor  -VaK  77  at 
ISO*  V  (Jackson.  1955.  p.  35) 

webera meter1— 0.8  Toll  eec  meter* 
tr,)«„— 1.0  cm, sec 

?  watta/m*  (85) 


When  an  electric  current  is  impressed  to 
produce  the  e^ctromagnetic  body  force,  joule 
heat  ia  produced.  It  the  impressed  electric 
current  density  is  esasntiaily  constant  aa  discussed 
in  paragrmoh  3  of  section  ,v.\.  then  the  joule 
heal  will  b>  constant  and  wiU  be  equal  to 
«-'i!  |  A  maxtmum  estimate  of  (hie  effect 
u  given  es  follows 

44(,°4> 

•  ljL -  (4 1  •> ( 1 0 •  *) ( 1 1 . S) 1 1  (f) - 481  .Owattt'm’ (96) 

Thus,  the  impressed  current  joule  beating  effect 
i»  of  approximately  the  same  order  of  Heal  genera¬ 
tion  so  the  magnetic  drag  effect;  however,  the 


former  does  not  directly  inhibit  convective  motion. 
The  rate  of  adiabatic  temperature  rise  in  the  test, 
cell  caused  l>y  the  impressed  electric  current 
would  be 

>.37  ( 10 '  *)  •C/*er=2.29-CVAr  (97) 

ot  pc t 


Tail*.  4. —  Magnetic  flu i  denrihrt  induced  bg  the  imprettcd 
electric  current  within  the  let!  cell 
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•v  -=d,  where  v  =  width  of  teat  cell  and  d-*  depth  of  test 
cell. 

3  0  inches  and  jit*  .>200  ampere*, 
where  for  NaK  77  at  150®  (’ 

e=0.835  gin/cm*  (Jackson,  1955,  p.  34) 

C, =0.2208  cal/gm°C  (Jackson,  1955,  p  37  > 

*(,-(0.835)  (10*)  (0.2508) ,4.184)  = 

0.771(10*)  joule/ m*“C 

Since  the  upper  and  lower  wails  of  the  test  cell  are 
made  to  ronduct  heat,  the  rale  of  temperature  rise 
» if'  not  remain  very  long  after  the  impressed  cur¬ 
rent  is  allowed  to  flow  .  The  maximum  tempera¬ 
ture  gradient  causrd  by  tiii*  effect  will  occur  at  the 
horizontal  wall  boundaries  in  the  NaK77,  thus 

volume  of  test  cell! -"491(0.444X10'*)" 

0.218  watt* 

where  71Wc/m  (9s) 

S‘  -area  over  which  tfie  heat  is  eorviuctetl- 
I(.07M‘>*“  *  1«U0*>J 

i —0.73s  wstl/rm*C.  for  NaK  77  st  I50*(' 
I  Jackson.  1955.  p  35' 

St -0.276  watt  n;*V 

Thi*  compares  wtth  the  cnticai  temperature  gtadi- 


ent  of  0.292°C/m  required  for  the  onset  of  normal 
convection  in  the  test  cell.  The  effect  of  the  joule 
heating  temperature  gradient  will  be  to  increase 
the  upper  half  of  the  test  cell’s  temperature  gradi¬ 
ent  at.d  to  decrease  the  lower  half  by  a:;  equal 
amount.  The  resultant  redistributed  tempera¬ 
ture  gradient  will  however,  have  the  same  average 
value  as  if  no  joule  heating  were  present.  Part  of 
the  planned  experimental  tests  will  be  to  determine 
.he  quantitative  effect,  if  any.  which  the  joule 
heating  temperature  gradient  haB  on  free  convec¬ 
tion  heat  transfer  when  no  impressed  magnetic 
field  is  present. 

C.  Galvanomagnetir  Effect* 

1.  A  transverse  galvanomagnetic  potential  dif¬ 
ference — Hall  effect. 

The  Hall  effect  is  described  on  page  8  of  Camp¬ 
bell  (1923)  as  “The  total  transverse  electromotive 
force  set  up  by  the  magnetic  field  77,  in  a 
plate  P,  as  ...own  (Figure  5a),  carrying  an  electric 
current  density  j  is  as  follows:” 

Et~^-~R(RX])  (99) 

where  b  — plate  width 

/f  =  Hall  coefficient  (theoretically  negative) 

j~Hbd 

Opiate  thickness 

(4=  angle  which  the  equipotential  line* 
rotate  at  .l£  in  Figure  4a 

when  77=0  44*»~0 

when  77  is  finite 

Mue*‘Rb(PxJ)’“—~y'~  (10U) 

It  is  interesting  to  note  on  page  13  Campbell 
(1923)  “While  in  the  Hall  effect  the  equipotential 
lines  are  rotated  by  a  magnetic  field,  the  line*  of 
primary  current  are  not  rotated  .  .  Hall 
verbally  teU*  Campbell  why  (hi*  should  be  true 
through  the  analogy  of  the  independence  of  a  lube 
flow  velocity  on  the  transverse  preeaur  gradient 
reused  by  gravity.  Therefore,  if  u>e  Hall  coeffi¬ 
cient  arm  either  poeitire,  negative,  or  tero  for 
the  system  under  study,  there  would  be  no  effect 
on  the  current  density  distribution. 
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The  angle  of  rotation  6  of  the  equipotential 
lines  may  be  obtained  from  Figure  5n  and  equation 
(99),  thus 

tan  e=^=tit)  Wj=(-/f)//a  (101) 

l 

0 


The  Hall  coefficient  \  is  found  to  be  —0.0025 
e.m.u.  for  solid  sodium  by  Ettingshausen  and 
Nemst  I'Campbel),  19211,  p.  124).  This  compares 
with  —0.00052  e.m.u.  for  merc  ury,  the  oniy  liquid 
metal  in  Campbell,  as  determined  by  Des  Coudre. 
The  maximum  an;/le  0  for  XaK  77  is  estimated 
using  the  Hall  coefficient  and  conductivity  for 
sodium  thus  (<rl)„i«  =  5.8  (10~‘)  ohm  cm  =  5.8 
(1 0s)  e.m.u.  ohm  cm 

H, ,.,=8,000  gauss 

tan  9=(y|^=3.45(U0-J)  or  fl=(l°- 12' 

(102) 

Therefore,  even  if  the  current  lines  were  rotated 
with  the  equipotential  lines  this  effect  could  still 
be  neglected 

2.  A  transverse  galvariomagnetic  temperature 
difference — Ettingshausen  Effect. 

The  Ettingshausen  effect  is  described  on  page 
147  of  Campbell  (1923)  as  “The  transverse  change 
in  temperature  per  uni*  width,  aT  6,  was  found  to 
be  proportional  to  the  magnetic  field?/,  the  current 
density  ]  of  the  primary  electric  current  /,  and  the 
width  b."  Thus 

grad  T-^j!-F(jx7I)  (103) 


where  P=EUingah*Lsen  coefficient  (theoretically 
positive)  Figure  5b  ahowi  the  Ettingshauaen  effect 
when  P  is  positive. 

Zahn  (Campbell.  1923,  p.  152)  derived  a  theo¬ 
retical  ratio  of  the  Ettingshauaen  coefficient  to  the 
Hall  coefficient,  thus 


(-R, 

r 


.25xlo.«™™*u 


(1<H) 


Assuming  that  Zaltn's  ratio  applies  in  this  case, 
the  Ettingshausen  effect  m«y  be  estimated, 


„  ,,  0.0023  ,  /  ******  \ 

^k^i=»^»..^2  5xio‘“10  (amp  gauss/ 


smp  gauss/ 


4-3(2.54>7.63  cm 


8000  gauss 

l™*™*  w"u 

(AT\^t-M>>//«(7  .MMI0-r)(0.34$'» 

(8.0)(10,)-2.I0(10-’1V 


which  is  quite  negligible. 

3.  A  longitudinal  galvanomagnetic  potential  dif¬ 
ference — Magneto-resistance  effect. 

This  source  of  possible  error  can  be  neglected  ac¬ 
cording  to  the  discussion  on  page  194  of  Campbell 
(1923). 

“Drude  and  Nemst,  1891,  observed  that  the  re¬ 
sistance  of  mercury  in  a  field  of  8000  gauss  in¬ 
creased  about  0.2  percent,  while  that  of  molten 
bismuth  at  290°  C  increased  0.4  percent.  The 
same  year  Des  Coudres  called  attention  to  the  fac  t 
that  this  increase  might  be  attributed  to  heating 
of  the  metal  by  current. 

"The  work  of  Berndt,  1907,  seemed  to  confirm 
the  contention  of  Des  Coudres.  He  found  that 
the  smaller  the  capillary  tube  used,  the  less  the  in¬ 
crease  in  resistance.  In  fields  of  1000  to  3000 
gauss,  the  increase  in  resistance  was  not  more  than 
0.00005  percent  for  mercury,  and  0.004  percent  for 
molten  bismuth.” 

4.  A  longitudinal  galvanomagnetic  temperature 
difference. 

Insufficient  data  is  avai’able  concerning  (his 
effect  to  say  whether  it  actually  exists.  Thus 
according  to  pBge  210  of  Campbell  (1923), 

“So  littlework  has  been  done  on  the  longitudinal 
galvanomagnetic  temperature  difference,  that  no 
general  conclusions  can  be  drawn  as  to  its  direction 
of  variation  with  field  strength. 

“Drude,  on  the  basis  of  the  dual  electron 
theory,  showed  that  this  effect  is  in  reality  a 
Peltier  effect." 

D.  Thennomagneuc  Effects 

1.  Traraverae  thermcmagnetie  electromotive 
force — Nemst  effect. 

The  Nemst  effect  is  experienced  when  a  trans¬ 
verse  electromotive  force  Afe*  is  set  up  by  the 
magnetic  field  77.  in  the  plate  P,  carrying  a  heat 
current  density  j«,  aa  shown  in  figure  5c.  This 
effect  follows  the  equation 

(HX  jm)  (IOJ) 


where, 

I  -*  plate  length 

</=■  Nemst  coefficient  (theoretically  poeilive) 
k =-  thermal  conductivity 

conduction  heal-- k?T 

i  -  *fi’(W) 
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or  in  a  simpler  form 

£,  =  </  iTIxvr,  (106) 

('aiuphell  ( lyi.t,  p.  2:10)  l;«s  tabulated  various 
values  of  the  Xernst  cocflHeiil  (e.nt.u.  units)  for 
solid  metaia.  Maximum  vaiues  of  Q,  at  mom 
temperature  and  ehov-  are  S-CilO"1)  for  nickel. 
“  222  fr.r  Monel  and  .1  2C  for  bismuth.  flower 
values  were  reported  for  Q  in  the  following  metals: 
7.3(10-')  for  copper.  1.66(10  ')  for  steel.  1.6(10-') 
for  lithium,  and  —4. 6(10"*)  for  silver. 

In  the  heal  transfer  apparatus  under  analysis 
the  impressed  electric  field  must  be  opposite  to 
(for  Q  positive)  in  order  to  have  an  upward 
b  hJv  force  of  eyX  J 7.  The  net  electric  fieid  across 
the  liquid  metal.  E—Es.  will  produee  a  current 
density  j  thus, 

j-  *  (f:-  J:s)  -  •[  T:-  >>J1  x  kT  > ;  v  1 07  > 


The  Xemst  effect  In  liquid  metals  is  thought  to 
be  insignificant  since  nickel  practically  loses  this 
effect  at  its  critical  temperature  (700°  K)  and 
tellurium's  coefficient  approaches  zero  a*  its  melt¬ 
ing  point,  according  to  Campbell  (1923  pp.  213 
and  220) 

2.  Transverse  thermomagnctic  temperature  dif¬ 
ference  Rigbi-f/ediir  tffect 

I’sing  the  same  geometry  a»  in  the  previous 
figure  for  the  Wrist  effect. 

r,- - <XT)  = 5(7/  X  Vf)  (110' 

where  coefficient  for  th<*  Higln-l^educ  effect. 
This  transverse  temperature  gradient  will  produce 
an  error  given  by 

error- (-^^r^=-Sf/(10o)  (111) 


jr* 

The  joule  heating  rate  per  unit  volume.  :s 

jj-hj-yJJxiDj  (los) 


.S'  has  not  been  determined  for  liquid  metaia;  how¬ 
ever.  Campbell  (1923,  p.  236)  shows  that  the 
correlation  between  S  and  K  of  the  Haii  effect  is 
excellent  The  two  angles  of  rotation  are  given  by 


and  ts  smaller  ihitm  ike  power  input  per  unit  vol¬ 
ume.  E-j.  The  error  in  a  wattmeter  reading. 

Ej  is  thus 


l  r 

9  9 

7<  error- (foo) 


(109) 


tan  #,»#«//.  tan  S//  (1 12> 

For  the  thirteen  metaia  studied,  equal  magnetic 
field  intensitiea  produced  the  same  angle  o f  rota¬ 
tion  for  both  effects.  Applying  this  correlation, 
equation  fill)  becomes 

rc  efTor*  ilO"'  tan  (190)  ten  $m  tMJ) 

From  equation  (102)  the  Hail  effect  angle  ie  sub¬ 
stituted  thus. 


assuming  lira  I 


%  error  *•  0.0346%  which  »  negligible 
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1  amp 

'"•‘■’"(47)  no-*)  volt  cm 


■v  - - 4C(10  *)(A4S) 


3  Thermomagnetir  longitudinal  potential  dif¬ 
ference. 

Thie  Ir  ngiludinal  potential  difference  induced 
by  the  moss  effect  of  liw  temperature  and  mag¬ 
netic  fish!  is  difficult  to  tnessttie  Thu  difficult? 
it  best  summarised  by  Citmpbeff  (1*23.  p.  til). 
'Ssnee  the  magnetic  field  change*  tbe  inherent 
thermoelectric  power  of  the  plate  or  the  lewd  wire, 
a  difference  of  potential  sri«|  set  up  There  Seed 
in  he  good  reason  to  believe  that  both  the  chat*** 
in  thermal  conductivity  sad  thermo  electric  poww 
are  concerned  in  the  prodwetien  of  a  longitudinal 
KM  F" 

No  data  ie  presented  on  liquid  metals  sod  the 
data  on  sola!  metals  is  greatly  dependent  on  the 


m 


lead  win  materia;  oscd.  Until  more  information 
and  theory  i*  found,  no  definite  conclusions  ran 
he  reached,  except  to  nay  that  this  effect  is  moat 
likely  negligible. 

4.  Thermomagnel  ic  longitudinal  temperature 
difference  a  change  in  ;he  thennal  conductivity 
of  the  mital. 

Since  both  th  flow  of  electricity  and  heat  in 
metals  is  known  to  ocrur  by  electron  movement, 
then  the  magneto-resistance  effect  of  Hart  IV.U.3. 
should  be  of  the  same  order  as  this  change  in 
thennal  conductivity.  Theory  and  experimental 
data  are  in  disagreement  as  presented  bv  Camp¬ 
bell  (1923.  p  258),  “Liven  (1915)  using  the 
assumptions  of  a  free  electron  theory  deduced 
an  expression  for  the  change  in  thermal  con¬ 
ductivity  in  a  traverse  magnetic  field.  According 
to  bis  expression,  the  thermal  conductivity  should 
always  increase,  which  is  contrary  to  the  data 
found  on  the  few  metals  reported.*' 

Section  S. 

SI  MM  ARY  AND  CONCLUSIONS 

The  basic  equations  were  derived  for  the 
processes  invoiced  in  order  to  elucidate  the 
physical  implications  of  existing  theory.  Motion 
implied  by  the  equations  of  the  problem  and  by 
the  moat  pertinent  previous  investigations  were 
discussed  Based  on  the  analysis,  the  following 
statements  may  he  made  concerning  the  planned 
experiment  : 

A.  Convective  motion  will  not  stgnifirsnlly 
dialer*  the  impressed  magnetic  field 

B  The  impressed  magnetic  field  will  effect  the 
convective  motion,  and  this  effect  can  be  taken 
into  account 

C.  The  impreesed  electric  current  te  uniformly 
additive  to  the  dertrie  current  induced  by  ran- 
recti v»  motion  in  the  magnetic  field 

D.  Rasou  on  the  above  three  statements  the 
impressed  electromagnetic  body  force  will  be 
uniform  throughout  the  (hud  mass. 

K  The  im prime >1  eiertnr  current  reuses  s 
negligible  deviation  in  the  imp  reseed  magnetic 
field 

F.  NegWting  joule  beating,  the  unpressnl 
electric  .-urreol  he*  no  effort  on  the  convective 
motion  of  the  fluid 

G.  Without  an  wnpriaeel  magnetic  field  present 
the  effort  of  joule  healing  will  be  experimentally 
determined  Joule  heating  rouid  affect  con¬ 
vective  motien.  because  the  usual  temperature 


gradient  becomes  distorted,  even  though  the 
overall  temperature  difference  ia  undisturbed. 

H.  (ialvanomsgnetic  and  thermomagneiic  ef¬ 
fects  are  considered  negligible  evt  ..  though  experi¬ 
mental  data  on  XaK  77  has  nnt  been  found. 
Additic:ial  literature  searching  ia  necessary  to 
determine  whether  the  data  on  XaK  77  is 
available 

On  the  bases  of  the  facts  presented  the  Manned 
experiment  is  feasible  and  the  probab.lity  of 
determining  the  effect  of  gravity  by  the  electro¬ 
magnetic  method  is  very  favorable. 


APPENDIX  A 

Symbols  and  Their  Rationalised  MKS  Units 

English  letters 

-I  Magnetic  vector  potential,  W— 

mettr 

o.  Electro*  ’»  damping  constant,  —  >  r* 

H  Magnetic  flux  density,  s^  r1 

i Specific  heat  at  rons>anl  preasurv. 

T>  Electric  flux  drnsitv,  rOU^^!, 

met  v*1 

d  A  haracteriatir  dimension  of  a  system, 
meters.  I 

t)m  Maw  transport  diffuaivitv.  ft"1 

we 

K  Electric  field  tnleoailv,  h^’T* 

■  m<!*r 

7 

j  Body  force.  ,  f  ‘al 

g  Net  gravitational  acceleration.  If'* 

$*  Kquivalestt  rnnutirasl  acceleration  pro 
d need  by  (he  imposed  elect  men ugtwtic 

body  force.  ”>***^>.  ft  ’ 


Force,  newtons,  ter 


The  earth's  Ns  level  accelemucn. 
meters  .  . 


Gr  Graahof  dtromeainbie 

v 


A 


■it 

a 


no 


II 

1 

j 

In 


Magnetic  field  intensity,  f  lQ^  ' 

_  coulombs 

Electric  current,  amperes  or  — — - » i/f 


■  i 


.  .  amperes  , 

Electric  current  density,  nleterr)  ‘  V' 

Heat  flux  density  — ^°U‘eS  -51  nit"3 
•  sec.  meter 


a: 

* 

k. 

I 

L» 

M 

m 

N, 


Dielectric  constant  of  a  medium,  -> 

<0 

dimensionless 

Thermal  conductivity, - joules 

•  sec.  meter  °K 

ImT-'t-3 


Equivalent  thermal  conductivity, 

— ImT-'t 3 
sec.  meter  °K 


Length,  n  i 

Lorenze  number —~=j  -sv^> 
at 


Hartman  number --  Bd(a  l  pv)b  dimensionless 
Mass,  kilograms,  m 

Number  of  conducting  electrons  per  unit 
volume  of  conductor,  ^"a 


Nu 


k 

Nusselet  number=-^»  dimensionless 


Pr 

(> 

9 


Prandtl  number= 


K 


dimensionless 


Electric  charge,  coulombs,  Q 
Electric  charge  density,  *~3<? 


r  Position  vector,  meters,  l 


Ra 

Re 


Rayleigh  number  dimensionless 

Vd 

Reynolds  number  =  —  >  dimensionless 

Vd 

Magnetic  Reynold  number  =— » 

dimensionless 


S  Area,  <  leters3,  P 
a  length  of  line,  meter,  / 

T  Temperature,  degrees  Kelvin,  T 

t  Time,  seconds,  i 

V  Mean  velocity  of  the  mass,  — ft-1 


"  Velocity  vector,  ft-' 

J  ’  sec. 

IT  Work,  joules  or  newton-meters,  Pmt'2 
i;  Test  cell  width,  meters,  l 

Greek  letters 


Coefficient  of  volumetric  expansion, 

dp 


_ »tr-i  r- 1 

p0dT  A 

a.  Temperature  coefficient  for  electrical  con¬ 


ductivity  change  = 


da 

7M" 


°K-\  T-' 


T,  —  T. 

Mean  temperature  gradient  =-~— ■> 


°K 


l-'T 


meter 

Electric  permittivity  of  a  medium, 
coulombs 

.  i.i  t  Tfl 

meter  volt  € 

Electric  permittivity  of  space  =8.85X30'12 

^oulombSf 
meter  volt 


Magnetic  diffusivity—  (pa)~\ 


,Pr 


Thermal  diffusivity  -  J->  — ■  Pt~l 
t  pf)  sec. 

Magnetic  permeability  of  a  medium, 

weber  .  „  . 

— - - ,  ImQ  ’ 

meter  ampere 

Permeability  of  space  =4irX  10"’ 

Weber  . 

meter  ampere 

Relative  permeability  of  a  medium  ■»—> 
dimensionless 

t>  Momentum  diffusivity  or  kinematic  viscosity, 


Mo 


Mr 


meter* 

- 1 

sec. 


pt-' 


Displacement  of  position— Ar,  meters,  l 
Mass  density,  l~’m 


a  Electrical  conductivity,  phm  [n^T>  i 

r  Volume  meter*,  P 

+  Magnetic  flux,  weber  oi  volt-seconds, 

PmQ-H-' 

4,  Scalar  electric  potential,  volts,  Pm()~H~l 

Operators  in  Cartesian  coordinates 
A  Difference  or  change  in  a  function 
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V  —i  ■$■+}  ^r 

dx  dy  oz 

v>  «*+*+* 


vx :F= 


dr 

F, 


J 

j 

F, 


d 

dz 
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APPENDIX  C 
Sample  Calculations 

I.  Equivalent  Number  of  "Gravities”  Induced  by 
the  Electromagnetic  Body  Force 

Converting  equation  (73)  into  more  common 
units  than  the  MKS 

0,=9.8O65  m/aec* 

weber 

B=B>(K gauss) 
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Substituting  into  equation  (73) 

ft  P.( 63-2)=(j) 

which  is  plotted  in  Figure  3. 

The  motor-generator  set  will  produce  a  maxi¬ 
mum  of  200  amperes  and  not  more  than  8.0 
kilogauss  ran  be  obta  .ed  using  the  available 
electromagnet  at  an  air  gap  setting  of  4  inches. 
Using  NaK  77  at  150°  C  the  maximum  number 
of  equivalent  gravities  is  found  to  be 

9*  (1,23)  (200)  (8.0) _ 

gc  ap^  (63.2)  (0.288)  (9.0)  (0.835)  (63 .2) 

where  from  Table  5 

a=2.8S(10-4)/°ff 


-d<r  (0.26) 
“*a'<r.dr=‘4.16(S0)  = 


■  1.25(10 -*)I°K 


II.  Magnetic  Flux  Density  Induced  by  the  Im¬ 
pressed  Electric  Current  Flowing  in  tue  Test  Cell 

Before  equations  (93)  and  (94)  may  be  evaluated 
two  limits  must  first  be  evaluated,  namely, 

lim  u  cot'1  -  and  lim  [c  In  e1] 

<*-*o  L  c  J  mo 


u=u)/2— x,  and  c=d/2— y1 

Both  may  be  evaluated  by  taking  ratios  of  their 
derivatives,  thus 


..  cot-'-  [l+fl  ' 
lim _ c  L  gVJ  cu- 


u-i 

HO  u 


CU“*  c’-fu*  u 


,.  2  In  e  2r"‘  n 

1,m  TT’ =FT)-*M° 

At  i|=t»/2,  yi=d/2  and  u>=d  the  magnetic  flux 
components  are  found  from  equations  i,93)  and 
(94),  thus 

-•[»'"  (S)+cof(S)] 


-s.-|i{»(-u+j)-(f)1.«2)} 

[(.786; +  (.3466)]  B,=M>(0.1807) 

At  this  point  L',—  —  B,=  —njw  (0.1807). 

When  /|=0,  y,—d/2  and  t v—d  the  magnetic  flux 
is 

(o)+?i  w  r^T 

+  (0)  In  - -J  +- In  - -3  -=0 

(0)+£j  2  |w*+£j 


D 


?+ol 


0— (to)  (2)  (0.464) 

-(J)  (1.609)  \-Mjw(0.275) 

When  z,=y,=o  in  general  B,=B,— 0  from 
equations  (93)  and  (94).  When  X|=0,  y,=d/4  and 
w—dB,=0  and  B,=  —njw  (0.129).  This  indi¬ 
cates  the  flux  decreases  as  x,  and  jn«w/2)  de¬ 
creases,  but  not  linearly  as  in  a  circular  cross- 
section  conductor. 

Assuming  a  maximum  current  of  200  amperes 
and  w=d= 0.0763  meter  the  flux  at  x(=*0  and 
Vi = d/2  will  be 


B=Bt> 


, -  4r(lQ-,)(200) (0.275) 

tc  (°'275^  (0.0763) 


■906<,0-‘>sSS 


APPENDIX  D 

Table  5. — Phytical  properties  of  lelecled  fluidt 


Cp 

Dm 

Temper- 

Fluid 

ature, 

°  c 

joules 

(reference) 

meters  * 

(reference) 

<Kg)(°K) 

sec 

Acetone 

0 

2.  12(3)** 

(Page  2098,  Hodg- 

IS 

2.  19(3) 

man,  1957) 

30 

2.  26(3)* 

Air  (at  one  ‘'.trims- 

0 

MEum 

(Table  3d-3,  Gray 

1.  32(  — 7) 

(Eq.  50,  page  638, 
Perry,  1950) 

phere  pressure 

40 

■Wo  OK 

1957) 

1.  63(  — 7) 

100 

1.01(3) 

2.  12(— 7) 

200 

1.01(3) 

3. 03(  —  7) 

Mercury 

0 

1.  40(2) 

(Table  22, 1  von. 

1.  33(  —  9) 

(Nachtrieb  and 

1.  37(2) 

1954) 

2.  20(  —9) 

Petit,  1956) 

1.  36(2) 

2.  91(  — 9)* 

1.30(2) 

3.  51(— 9)* 

Potassium 

100 

8. 13(2) 

(Table  1-20,  Jack- 

200 

7.  90(2) 

■on,  1955) 

300 

7.75(2) 

400 

7.  65(2) 

Sodium 

100 

1.  38(3) 

(Table  1-12,  Jackson, 

4  13(  —9) 

(Meyer  and  Nach- 

200 

300 

1.  34(3) 
1.30(3) 

1955) 

8.  20(  — 9) 

1.  30(  — 8)* 

trieb,  1955) 

400 

1.28(3) 

1.  78(-8)* 

NaK  77  (77  at.  % 

SO 

9.  62(2) 

(Table  1-20,  Jack- 

potassium  and  at. 

100 

9.  46(2) 

ion,  1955) 

%  sodium 

ISO 

9. 25(2) 

200 

9.  12(2) 

200 

300 

380 

lSE£!30Bli 

400 

&  83(2) 

Water 

0 

4.22(3) 

(Para  2079-2082, 
Hodg  man,  1957) 

1.  45(  -9) 

(Wang,  1951) 

10 

4.  19(3) 

2.  02(  —9) 

20 

4  18(3) 

2.  64(  —9) 

30 

4  18  3) 

3.  39(  -9) 

100 

4  22(3) 

1.  34(  —8)* 

♦Extrapolated. 

♦•Notation  meana  (i*)»x(19)\ 
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Table  5. — I'kyeical  propertia  of  /elected  fluid) — Continued 


Fluid 

Temper¬ 

ature 

°C 

;■ 

a 

watts 
(m)  (°K) 

(reference) 

i 

°K 

(reference) 

Acetone 

(1 

1.96(1) 

(page  2257,  Hodg- 

1.  32(  -3) 

(Page  2067,  Hodg- 

15 

1-  91<  —  1) 

man,  1957) 

1.  42(  —3) 

man,  1957) 

1.  80(  —  1 ) 

1.  52(  -  3) 

Air  (at  one 

2  36(  —2) 

(Table  4g-6,  Grav, 

3.  66(  —  3) 

(ideal  gas  law) 

atmosphere 

40 

2.  62(  —2) 

1957) 

3.  20(  -3) 

nn*f»sure) 

100 

3.  01( -2) 

2  68(  —3) 

* 

200 

3.  661  -2)* 

A  f  1  /  1) 

a  a  v  A, 

Mercurv 

0 

8.  34* 

(Ewing,  et  as., 

1.  82!  -4) 

(cal.  from  page 

100 

9.  52 

1955) 

1.  80(  —  4) 

1995,  Uodgman, 

1.  79(--4) 

19575 

KB 

11.  80 

1.  81  ( —  4 ) 

Potassium 

100 

4.  76(1  )• 

(Table  2.2,  Lv  on, 

2  93(  —  4) 

(cal.  from  density) 

4.  50(1) 

1954) 

3.  02(  —4) 

200 

4.  24(1) 

3.  12(  —4) 

400 

4.00(1) 

3.  22(  — 4) 

Sodium 

100 

9.  75(1)* 

(Table  1-9,  Jackson, 

2  44 ( —  4 ) 

(cal.  from  page  25, 

20<) 

a  i5(i) 

1955) 

2  55(  —4) 

Jackson,  1955) 

300 

7.  57(1) 

2  65(  —4) 

400 

7.  12(1) 

2  <6(  —4) 

NaK  77  (77  wt. 

50 

2.20(1)* 

(Ewing,  et  al.,  1955’ 

2  79(  —4) 

(cal.  from  density) 

%  potassium 

100 

229(1)* 

2  83(  —4) 

and  23  wt. 

150 

2  38(1) 

2  88( — 4) 

sodium) 

200 

247(1) 

2  92(  --  4 ) 

250 

2  54(1) 

2  96( — 4) 

300 

2  59(1) 

2  00(  — 4) 

350 

261(1) 

3.  05(  —  4) 

400 

2  62(1) 

2  10( —  4) 

Water 

HQi 

5.  54(  —  1 ) 

(Table  4g-4.  Grav, 

—  6.  43(  —5) 

(page  2067,  Hodg- 

5.  78(  —  1 ) 

1057) 

8  55(  —5) 

man,  1957) 

5.  98(  -  1  i 

2  07 (  -41 

fpaj 

30 

6.  15(  — 1) 

2  02( — 4) 

"  1 

ft  80(  -1) 

7.  6l(— 4) 

i 

■•Extrapolated. 
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Tab  Ll  6. — Pkyrical  proper  tit*  of  ttlrtttd  fluid* — Continued. 


Fluid 

Tempera¬ 
ture,  °C 

Kg 

(re'ercnc?) 

Kg 

(m)« 

(reference) 

(in)  (sec) 

Acetone 

0 

3.  99(  -4) 

(page  2037,  Hodg- 

8.  18(2) 

(page  721,  Hodg- 

15 

3.  37(  —4) 

man,  1857) 

7.  99(2) 

man,  1957) 

30 

2.  95(  -4) 

7.  78(2) 

Air  (at  one  at  mo*- 

0 

1.72(-5) 

(Table  2v-3,  Gray, 

1.29 

(ideal  gas  law) 

phert  pressure) 

40 

1.9K-5) 

1957) 

1.  13 

ISO 

2.  18(  —5) 

9.  45(  —  1 ) 

200 

2.  58(  -5) 

7.  4fl(  —  1 ) 

Mercury 

.0 

1.  68(  -3) 

(page  2040,  Hodg- 

1.  3C0'4) 

(page  1995.  Hodg- 

100 

1.  24(  —3) 

man  1957) 

1.335(4) 

man  1957) 

200 

1.  05(  -3) 

1.311(4) 

300 

9.  50(  -  4) 

1.288(4) 

Potassium 

100 

4.  35(  -4) 

(Table  I- 16,  Jack- 

8,  19(2) 

(Table  1-14,  Jack- 

200 

2,  99(  —4) 

son,  1655) 

7.  95(2) 

son,  1955) 

300 

2  27 f  -  4) 

7.71(2) 

400 

1.  94(  —  4) 

7.  47(2) 

Sodium 

100 

7.  05(  —4) 

(Table  1-7,  Jackson, 

9.  27(2) 

(Table  I -6(a),  Jack- 

4.  50( -4) 

1955) 

9.04:2) 

son,  1955) 

?.  45(  —  4 ) 

&  82(2) 

2  84(  —4) 

8.59(2) 

XaK  77  (77  wt.  ') 

50 

5.  60(  —  4)* 

(Table  2.2,  l.yon. 

8  59(2)* 

(Table  1-14,  Jack- 

potassium  and  23 

100 

4.  78(  -  4 ) 

1954) 

8.47(2) 

son,  1955) 

wt.  %  sodium) 

150 

3.  83(  -4) 

8  35(2) 

200 

3.  30(  —  4) 

8  23(2) 

250 

2  79(  -4) 

8  11(2) 

300 

2  46(  —4) 

7.99(2) 

350 

2  22(  —4) 

7.  87(2) 

400 

2  05(  -4) 

7.  75(2) 

Water 

0 

1.  792(  -3) 

([■age  2036,  Hodg- 

1.00(3) 

(page  1994,  Hodg- 

10 

1.  308(  — 3) 

man,  1957) 

1.00(3) 

man,  1957) 

20 

1. 005(  — 3) 

9.  98(2) 

30 

&  007( — 4) 

9  96(2) 

100 

X  8SS(  —4) 

9.  58(2) 

'Extrapolated. 
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Table  5. — Physical  propnlm  of  selected  fluids  Continued 


(#)-' 

Fluid 

Temperature,  "C 

(ohm)  (m) 

(reference) 

Acetone 

0 

IS 

-»>  1.  7(5) 

(page  143,  vol.  VI,  Wathburn, 
1929) 

30 

1 

Air  (at  one  ..imoephere 

0 

pressure) 

40 

100 

>1.0(14) 

(page  142,  vol.  VI,  Washburn, 
1929) 

200 

Mercurv 

0 

9.  411  -7) 

(Table  2.2,  Lyon,  1954) 

100 

1.  03(  -0) 

200 

1.  I4(  — 6) 

300 

1.  28(  -6) 

Potassium 

100 

l.  55(  —7) 

(Table  2.2,  Lyon,  1954) 

200 

Z  18(  —  7) 

300 

2  82(  —7) 

400 

3.  46(  -7)» 

Sodium. 

too 

8  »9(  -8)* 

(Table  1-11  (a),  Jackson,  1955) 

200 

1.  384'  -7) 

300 

1.  747(  —7) 

400 

Z  199(  -7) 

NaK  77  (77  at.  l~,  potassium 

50 

1  70(  --  7 )  • 

(Table  1-17,  Jackson,  1955)  ^ 

and  23  at.  r'c  sodium) 

100 

3.  92(  —7)* 

ISO 

4  16(  —7) 

200 

4.  44(  —7) 

250 

4.781-7) 

300 

5  14(  —  7) 

350 

5.  50(  —  7 ) 

400 

5  88(  —7) 

Water 

0 

10 

&  40(5) 

4.  18(5) 

(P^29)52’  VDl  VI’  W“hk>urn' 

20 

2  38(5) 

30 

1.  41(5) 

100 

1.  29(4)* 

*  Extrapolated 
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ROBERT  T  AULT 

Initial  Yielding  and  Fracture  in  Notched 
Sheet  Molybdenum 
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Initial  Yielding  and  Fracture  in  Notched  Sheet 

Molybdenum 

R.  T.  AULT 

Abstr  act. — The  initial  yielding  and  fracture  initiation  behavior 
of  wrought  stress-rdieted  and  recry. itaUised  molybdenum  uvu  in¬ 
vestigated  at  room  temperature.  The  effect  of  notch  severity  and 
g.'iin  si  aeon  the  nature  of  plastic  flow  in  notched  sheet  tensile  speci¬ 
mens  mtu  iniesti gated  by  means  of  photoelastic  coatings .  The 
nature  of  fracture  initiation  in  notched  sheet  tensile  specimens  was 
studied  through  the  use  of  pre-polished  and  etched  tandem  notch 
specimens. 

Application  of  the  Griffith -Orouan  theory  for  crock  propagation 
and  the  Cottrell  criterion  for  crock  initiation,  reveal  that  the  effective 
surface  energies  for  crock  propagation  and  crock  initiation  are  the 
same  order  of  magnitude,  which  is  IP  ergs/cm’.  ~rh is  finding  is 
supported  by  the  experimental  observation  that  no  microcracks  were 
found. 


Plastic  flow  regions  determined  experimentally  from  the  photo- 
dasdc  coating  studies  were  shown  to  be  in  good  agreement,  bath 


Initial  yielding  at  the  notch  net  was  found  to  occur  at  the  same 
nominal  stress  level  for  a  given  material  condition,  independent  of 
the  magnitude  of  the  stems  concentration  f  meter.  This  nominal 
stress,  in  I he  notch  section  mt  ittt  nearly  equal  to  the  smooth 

tensile  yield  arms. 

It  it  the  obftrvirr  of  this  program  to  investigate  several  aspects  of 
he  mature  of  flaw  and  fracture  in  notched  sheet  molybdenum.  The 
experimental  approach  cm  be  conveniently  divided  into  two  phases. 
In  Phase  I  tie  initial  yielding  and  fracture  behavior  of  notched 
tensile  specimens  mu  investigated  from  a  amhanical  state  of  sums 
point  of  new.  Initial  ridding  teas  studied  using  phomdastic 
coating  techniques.  Fracture  characteristics  were  evaluated  bream- 
paring  At  unmatched  and  notched  tensile  properties  far  rations 
Oates  of  stress.  In  Phase  II  of  At  urogram  the  mantra  of  fracture 
nos  investigated  from  a  metallurgical  structure  point  of  view.  The 
materials  fracture  characteristics  mere  composed  fee  Ae  recrys- 
talh  W  condition  in  Arse  different  grain  si  sat  and  in  Ae  wreesghl 
uress-retwead  condition.  Toe  fracture  chamcteristiet  of  Ae  m- 
notched  tensile  specimens  in  the  nvryetoOised  condition  wart 
analysed  according  to  current  effective  surface  energy  concepts. 
Particular  attention  was  paid  to  studying  do  location  and  mode 
of  fracture  initiation  in  the  matched  tensile  specimens.  Tmndmv 
notch  specimens  were  used  for  this  pardon  of  Ae  inteatigati  an 
Dislocation  density  measurements  scare  obtainad  from  tub  pit 
studies  in  order  to  Arhww  the  multitude  of  plastic  flow  at  At 
root  of  the  notch. 


INTRODUCTION 


There  tins  tong  lieen  a  ii«d  for  metallic  materials 
in  the  form  of  nheet.  Recently,  however,  the 
importance  of  sound  structural  mrtala  and  alloys 
in  sheet  form  has  been  stressed  due  to  the  require¬ 
ments  for  suelt  sheet  materiais  in  advaneed  aero- 
nautiral  amt  sp  e  vehiele  systems.  There  is  a 
particularly  important  need  lor  high  strength  to 
density  ratio  sheet  materials  for  solid-fuel  rocket 
motor  case  applications.  There  us  also  a  require¬ 
ment  for  high  melting  point  refractory  metals  in 
sheet  form  !  *r  application  as  liners  for  solid-fuel 
rocket  motor  nozzles  and  as  leading  edge  materials 
for  re-entry  vehicles.  The  refractory  metals  of 
particular  importance  are  molybdenum,  tungsten, 
tantalum,  and  columbium. 

Tire  refractory  uietaU  are  known  to  have  good 
elevated  temperature  strength,  hut  their  tsefulnesa 
is  limited  bv  their  relatively  low  resistance  to 
oxidation.  In  addition,  if  these  materials  are  used 
at  low  temperatures  or  subjected  to  mult  axial 
stress  s> stems,  they  may  display  a  pronounced 
tendency  toward  brittle  behavior.  Tilts  is  known 
to  be  the  rase  for  high  strength  steel*.  molybdenum 
and  tungsten.  I’sua]  design  criteria  cannot  predict 
failure  adequately  under  these  conditions. 

BACKGROUND 

The  diarutatons  in  this  section  are  in ’ended  to 
provide  background  information  which  will  allow 
a  critical  analysts  of  the  experimental  results  pre¬ 
sented  later  in  the  repot  The  complex  problem 
of  fracture  in  metals  ran  he  revolved  into  two 
aspects,  one  wtiirh  drab  with  the  micruaroptr  of 
atomistic  mechanisms  of  fracture,  and  the  other 
which  consider*  the  effects  of  metallurgical  end 
testing  parameters  The  testing  variables  include 
such  things  w  strain  rate,  temperature,  stress 
state,  strain  gradient  and  rrebe  loading.  This 
report  dca'r  pnmtnlv  with  the  Utter  aspect  of 
Tract ure 

The  mechanics  of  frariure  might  be  broken  into 
there  categoric*  as  follows  ideal  elastic  frariure. 
purely  plastic  fracture,  and  rlast  .-e-plastie  fracture. 
Ideal  elastic  fracture  involves  the  breaking  of 
atomic  bonds  without  any  plastic  deformation. 
This  type  of  fracture  »  never  observed  in  metals, 
however,  it  is  of  mtereot  since  »t  provides  the 
basis  for  tbs  well  known  Griffith  theory  of  fracture 
in  eiastir  solids  Modifications  H  this  theory  have 
been  applied  to  fracture  in  polyi  ryal allinr  metals 
Purelv  plvstic  or  ductile  frariure  involves  >he 


formation  of  voids  by  the  condensation  of  vnean- 
cies  which  are  produced  by  plastic  flow.  The 
voida  are  then  extended  and  joined  as  the  reault 
of  further  plastic  flow.  There  is  no  real  fracture 
stage  but  only  a  separation  of  the  metal  as  a  result 
of  continued  void  formation  and  pJaatic  flow. 
Separation  occurs  when  the  work  hardening  capae 
hilitv,  not  the  ductility,  is  exhausted.  Ductil- 
fracture,  although  important,  -  ill  not  be  a  subject 
of  discussion  in  this  report.  The  third  category, 
elastic-plastic  fracture,  ta  comoosed  of  a  • -duplex 
interaction  of  elastic  and  plastic  response  such  as 
shear  fracture,  hetergeneoua  plastic  flow,  crack 
formation,  plastic  tearing  joining  adjacent  necks, 
and  crack  propagation  through  the  re’-?sae  of 
stored  elastic  energy.  It  nelsstic-plsstic  frseture 
which  was  studied  in  this  work. 

As  the  Griffith  theory  for  purely  elastic  fracture 
and  its  modifications  by  Orowan  and  Irwin  which 
apply  to  elastic-plastic  fractuic  are  rather  well 
known  they  will  not  be  discussed  here.  Similarly, 
the  dislocation  theory  concepts  developed  by 
Cottrell  eno  Prtch  which  are  pertinent  to  this 
paper  are  equally  well  known  and  therefore,  will 
not  be  treated  In  contrast  there  are  certain 
mechanical,  state  of  stress,  concepts  of  fracture, 
which  pertain  to  results  presented  later,  which 
perhaps  are  not  as  well  known  and.  therefore,  will 
now  he  discussed  briefly. 

As  one  stage  of  an  elastic-plastic  fracture 
involves  the  propagation  of  stationary  cracks,  a 
knowledge  of  the  stresses  at  the  tip  of  the  creek  is 
essential  in  understanding  the  mechanics  of 
fracture  linear  elasticity  analyse*  of  strews#*  in 
the  vicinity  ot  a  crack  hare  been  given  by  logins 
(f).  Westrrgaani  (?).  Irwin  (J),  and  WIBiams  <4> 
Their  solutions  are  similar  -id  both  longitudinal 
and  transverse  stream  in  the  neighborhood  of  the 
crack  lip  are  found  to  he  inversely  proportional  to 
tbr  square  root  of  the  distance  front  the  creek  tip 
Tiie  enliven  by  Wittnm*  cm ph seises  that  at  the 
base  of  the  crack  the  principal  stream  are  equal 
end  thus  there  »  a  two-dimensional  stale  of 
hydrostatic  tens  i  which  lends  tn  reduce  the 
amount  of  yielding  lie  finds,  m  agreement  with 
the  other  analyses,  that  the  maximum  principal 
tensile  stress  occur-  not  at  the  horiaonle.  axis  of 
the  crack  but  at  an  angle  of  i®0*  from  the 
horizontal  Wtlbwra*  also  dem-malralw*  'hat  ttie 
maximum  distortion  strain  energy  occurs  at  *n 
angle  of  t  70*  from  the  boriaontal  This  nbeeri  a- 
tkm  was  also  determined  experimentally  by  Pint 
<d)  using  pbo'oriaslK  technique*  and  has  .-eveotly 


been  bon?  out  hy  elastic-plastic  stress  analysis 
techniques  (6'). 

The  theory  o(  linear  elasticity,  ho  never,  {ail*  to 
give  the  trie  value*  of  stresses  for  cracks  in  real 
metal*  (or  one  of  two  reasons:  first  the  elastic 
solutions  predict  infinite  stress  s  at  thr  crack  tip, 
and  second,  the  actual  occurrence  of  large  strains 
may  invalidate  the  com  only-applie  I  infinitesimal 
deformation  theory.  Thus  in  order  to  account  for 
the  real  behavior  of  a  metal  either  plsatic  or 
elastic-plastic  solutions  are  necessary.  The  purely 
plastic  solutions  assume  ideal  plastic  behavior  of 
thr  material  whe.e  elastic  deformations  are 
neglected  completely  The  elastic-plastic  solu¬ 
tions,  which  are  far  more  difficult,  assume  an 
elastic-plastic  situation  with  or  without  strain 
hardening  The  elastic-plastic  method  has  been 
developed  by  Allen  and  Southwell  (7).  They  have 
applied  this  method  to  tlie  problem  of  externally 
(90s)  V-r.otchcd  and  semi-circular  notched  tensile 
bar  undrr  conditions  of  both  plane  strain  and  plane 
strew.  The  solution  »  obtained  by  use  of  tbe 
relaxation  method  applied  to  tbe  combined  field, 
and  involves  solving  a  linear  field  equation  in  ike 
elastic  portion  and  a  nonlinear  field  equation  in  the 
plastic  region  by  an  iterative  procedure 

The  relaxation  technique  consists  essentially  of 
assuming  (s'  the  validity  of  infinitesimal  deforma¬ 
tion  theory,  ib)  a  stress-strain  curve,  taken  as 
clastic-plastic  with  no  strain  hardening  and  (c?  a 
yield  criterion,  taken  as  '.he  von  Mweo-Henrky 
value.  The  elastic  problem  for  tbe  entire  region 
is  solved,  and  then  tbe  areas  near  the  notch  where 
•he  von  Mtara-llencky  strew  is  fit  reded  (tbe 
plastic  enclaves'  are  relaxed  bark  10  the  yield 
strew,  thus  overflowing  tbe  initially  assumed  ao-etr 
elastic  region  The  elastic  solution  is  recomputed 
and  tbe  process  iterated  to  convergence.  The 
important  feature  is  that  there  :s  a  linear  elastic 
field  equation  outside  the  enriaie  and  a  nonimear 
plastic  fitU  equs'ioei  inside,  tbe  problem  in  to 
karate  the  boundary  of  the  plastic  enclave 
Jacobs  (?)  has  extended  this  technique  to  the 
problem  of  an  externally  cracked  female  bar 
subjected  to  plain  strain,  and  recently  Sttmpron 
and  Kalan  it?)  bare  applied  this  method  to  ar, 
externally  cracked  plane  stress  tensile  spec-men 
The  thin  sheet  or  plane  strew  mIuImf  si  of 
particular  interest,  and  later  in  the  report  the 
results  will  he  eompsced  with  the  yield  regions 
experimentally  determined  »n  this  study 

Ac  plastic  ficrw  si  d  the  state  of  *>r*w  and  strain, 
both  imcrwcHw  and  marraaropsc  are  somehow 


intimately  related  to  the  procewes  of  fracturing, 
tbe  next  logical  step  would  be  to  try  and  incor¬ 
porate  tbe  results  of  the  ideal  plaatic  and  elastic- 
plastic  analyses  into  various  fracture  concept!-. 
At  the  present  state  of  knowledge  this  appear*  to 
be  a  rather  optimistic  step;  nevertheless,  severs! 
investigaiions  have  made  advance  in  this  direc¬ 
tion.  Williams  (5)  has  recently  proposed  a  ductile 
fracture  criterion  for  the  tensile  case  with  the  aid 
of  elastic- plastic  strew  analysis.  With  the  aid  of 
Stiinpeon  and  Eaton’s  analysis,  Williams  accounts 
for  the  strain  energy  of  forming  the  plastic  en¬ 
claves  and  applied  this  to  the  Griffith  energy 
balance  in  developing  an  extended  form  of  tbe 
Griffith  criterion  for  a  thin  plate  with  an  interns' 
crack. 

Hull  and  Mcilintock  (10)  have  performed  an 
elastic-plastic  analysis  for  the  case  of  a  notch  in 
a  semi-infinite  solid  subject  to  pure  shear.  Tbe 
material  was  assumed  to  be  elastic-ideally-plastir 
and  from  the  analysis  the  radiua  to  the  elaalir- 
piastir  interface  ( R )  was  determined  for  low  strew 
levels  to  approach 

tf  =  r(-  Y.  Eq.  (I) 

where  t  s  the  crack  length,  r  is  the  applied  shear 
strew,  and  r, ,  is  the  yield  strew  in  shear.  Mc- 
Omtock  (10)  later  postulated  a  corresponding 
condition  for  fracture  which  staled  that  fracture 
occurs  when  tbe  plwtir  St  •win  throughout  the 
distance  ,  directly  ahead  of  the  rrack  reaches  a 
critical  value  y.  The  distance  e  is  related  to  tbe 
structure  of  the  material,  being  about  the  esse 
within  which  the  rlaanr*!  theory  of  plasticity  no 
longer  applies,  and  the  strain  y  is  the  piaaiic 
strain  si  fracture  in  the  ordinary  t oewum  teat. 

f  ottrvl!  [It]  ha*  recently  treat-1  the  shear  caw 
for  a  sharp  notch  and  ha*  derived  s  very  snriW 
expression  lot  few  strew  level*  a*  follows 

Eq •<*> 

where  the  symbols  have  the  same  meaning  w  m 
Equation  til.  He  propoas*  a  modified  Griffith 
•rsrturs  concept  where  the  surface  tension  term  * 
replaced  by  the  work  expended  in  plastir  deforma¬ 
tion  which  is  equal  to  lb*  yield  strew  H  shear  tim>« 
the  displacement  at  the  notch  tip  measured  in  a 
direction  normal  In  the  Up  of  the  notch. 

N'rubec  ( 13)  has  presented  a  theoretical  treat¬ 
ment  for  the  strew  concentration  factor  d>  thr 
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plastic  ratify.  Hi*  mod*!  is  based  o'.  nonlinear 
stress-*! rain  curve  rathet  than  the  usual  elastir- 
ideally -plastic  relation.  Solutions  at  present  are 
available  only  for  sharp  notches  having  a  O’  flank 
angle  loaded  in  sheat . 

M  VTKrtlAl.  AND  SPKCIMKN 
PREPARATION 

The  wrought  stress-reiieved  molybdenum  was 
supplied  by  (limax  Molybdenum  Company  in  the 
form  of  0.061  inch  ga gv  sheet.  The  recrystalliaed 
sheet  molybdenum  was  fabricated  by  tbc  authors. 
The  composition  of  both  the  wrought  stress 
relieved  material  and  the  recrystalliaed  Material  is 
given  in  Table  I  A!l  of  the  carbon  analyses  snd 
the  analysts  of  the  as- rolled  material  prior  to  the 
annealing  treatments  was  performed  by  spretro- 
grapliie  techniques.  The  gas  analysis  on  tbe 
wrought  stress-rriieved  motertal  and  tbs  recrwal- 
liaed  mater- al  was  done  by  vacuum  fusion 
techniques. 

The  processing  history  sad  stress-relief  trust 
men!  for  the  wrought  stress-relieved  material  is 
as  fallows: 

I  One  inch  thick  recrystalhsrd  sheet  bar  waa 
rolled  in  tee  passes  al  2.150*  F  (1.175*  O. 
with  sis  reheatings,  to  0.143  inch  thick. 

3  Annealed  for  30  minutes  at  2.150*  F  (1.175* 

Cl. 

3  Railed  in  none  passes  al  2.050*  F(  1,1 30*0. 
with  sever,  reheatings,  from  0.343  inch  thick 
to  0.130  inch  'hirh 

4  Rolled  in  16  perms  al  650*  V  to  700*  F 
■  345*  C  to  370*  Cl.  with  15  reheatiaga.  front 
0  130  inch  thick  to  0  061  inch  gage 

5  Hasted  far  15  mmetes  at  I  *00*  F  -9*0'  C 
tn  s  natural  gws  find  furnace 

The  alerting  material  for  the  rsrryttallusd  sheet 
■pfrinna  x-ea  a  tingle  ingot  <.?  arc -cast  molyb¬ 
denum  prej  vvd  by  tiaras  Molybdenum  Com- 
?tyr  The  billet,  I  hr**  inches  in  diameter  sod 
fix  •-  ;.->ch**  '«  ler^th  eras  nlntial  into  chert  bar 


2.5  inebe*  by  0.5  inches  The  extrusion  billet 
wns  chamfered  to  an  88s  included  angU  with  a 
1  125  inch  diameter  flat  nose.  It  was  then  com¬ 
pletely  sprayed  with  a  glass  lubricant.  The  glass 
coating  eras  0.030  inch  thick.  The  die  material 
was  a  high  speed  tool  steel,  which  waa  faced  with 
alumina  No  lubricant  was  used  on  either  the  die 
or  tbe  container  The  follow  up  material  con¬ 
sisted  r4  e  2  inch  graphite  block  plus  a  1.5  inch 
glass  coated  copper  block.  The  billet  eras  heated 
in  dry  argon  to  a  temperature  of  3,200*  F  (1,305* 
(  )  and  extr^Jed  in  one  peae  at  a  reduction  ratio 
of  6:1.  to  sheet  bar.  The  extrusion  pressure  was 
452  our  and  the  ram  speed  eras  four  inches  per 
second.  The  yield  in  weight  percent  eras  62. 

The  extruded  sheet  bar  waa  then  cut  into  eight 
2.5  inch  square  blocks  and  preheated  in  an  argon 
atmosphere  at  1,800*  F  (980*  V)  for  %  hour 
prior  to  rotting  The  blocks  were  crow  rolled  in 
See  passes  to  a  width  of  3.5  inches  and  then 
rolled  in  a  longitudinal  direction  to  a  thickness  of 
0.060  inch  The  specimens  were  reheated  in  the 
furnace  after  each  pass.  It  took  three  minutes  to 
get  the  specimens  back  to  temperature.  The 
total  reduction  was  N  percent,  with  a  reduction 
rale  of  10  percent  per  pass 

The  sheet  material  was  then  machined  into 
trued  specimens  and  subsequently  annealed.  The 
recrrslafluatwc  nrr-aiing  treatment,  crowded  a 
completely  lecryataHiaed  structure  with  three 
different  great  seam  The  three  annealing  treat - 
m*nta  were  1.300*  C  2.373*  F).  1.800*  t‘  (3.2T2* 
Ft.  and  2.100*  t‘  (3.613*  F)  all  for  one  hour  in 
a  vacuum  of  ii.l  mirevwis  The  specimens  were 
cooled  a*  a  relatively  fast  rate  by  shutting  off 
the  powee  to  the  furnace.  The  time  to  reach 
rvwsr,  temperature  was  approximately  one  hour 
and  the  oefa/  rate  was  approximately  JK*  (‘ 
pec  minMte  dnwn  to  *00*  (*.  The  grass  aiar  and 
mirrehardnesu  data  ace  given  in  Table  II  The 
hardneas  determinations  were  made  with  a  Taken 
Hardness  Tester  ichng  a  136*  diamond  penetrator 
»,»d  ■  0  5  kilogram  load 


Table  II. — Grain  size,  and  microhardness  data 
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Ktni’RE  1.  (Tmotched,  notch'd  and  tandem  notrhed 
sheet  tensile  specimens. 

The  shoo!  material  was  machined  into  smooth 
and  notched  tensile  specimen.*  as  shown  in  Figure 
I.  The  notches  wore  machined  by  mill  cutters 
with  a  tiO0  included  angle  and  the  following  root 
radii:  0.040  inch  and  0.005  inch.  The  semi¬ 
circular  notch  had  a  0.157  inch  radius  A  50 
percent  notch  depth  was  used  in  all  cases.  The 
notch  specimens  wort'  lightly  gioimd  on  both 


sides  through  the  notch  region,  to  provide  a  good 
flat  surface  to  which  a  birefringent  coating  could 
be  bond'd.  The  tandom  notch  specimens  for 
the  recrystallized  material  contained  only  the 
0.005  inch  root  radius  notch.  The  tandem  notch 
specimens  foi  the  wrought  stress-relieved  condi¬ 
tion  contained  both  the  0.005  inch  and  0.050 
inch  root  radii.  The  0.157  inch,  0.030  inch,  and 
0.005  i noli  root  radii  provided  the  specimens  with 
the  following  respective  theoretical  plastic  stress 
concentration  factors:  K,=  1.93,  K,— 3.7,  and 
K, ==8.3. 

EQUIPMENT  AND  TEST  PROCEDURE 

All  of  the  tests  were  conducted  at  room  tempera¬ 
ture  (78°  F)  (26°  (’)•  The  tandem  notched  and 
unnotehed  tensile  specimens  were  tested  at  a 
constant  crosshead  speed  of  0.005  inch  per  minute. 
The  notched  specimens  were  tested  using  load- 
tinload  techniques.  The  smooth  tensile  tests  were 
conducted  on  a  “hard”  Baldwin  Emery  SR— 4 
'I'esting  Machine,  Model  FGT;  the  load-strain 
curves  were  autographically  recorded.  The  flow 
properties  were  obtained  from  strain  measure¬ 
ments,  beyond  the  flow  stress,  determined  by 
measuring  the  extension  of  one  inch  gage  marks 
with  dividers.  Maximum  loads  and  fracture  loads 
were  recorded  for  all  specimens. 

The  notched  tensile  teats  were  conducted  on 
a  hydraulically  driven  Tinius  Olsen  Universal 
Testing  Machine.  Initial  yielding  in  the  notch:  d 
icnsiie  specimens  was  studied  by  using  photo¬ 
elastic  coalings.  A  piece  of  Photoetrees1  plastic 
which  had  been  machined  *o  the  same  notch 
geometry  was  bonded  to  each  notched  tensiie 
specimen.  The  Uhotostrns  plastic  was  0.048 
inch  thick  and  great  care  was  taken  in  machining 
the  plastir  to  the  exact  notch  depth  of  the  metal 
specimen.  The  same  mil!  utters  were  used  to 
machine  the  notch  in  the  plastic  as  were  used  on 
the  molybdenum  sheet  material.  In  bonding 
the  plastic  to  the  specimen  care  was  taken  to 
remove  all  exeesj  adhesive  from  the  notch  root. 
The  total  shear  atrain  and  rtaidual  shear  strain 
in  the  notched  section  was  analysed  by  taking 
a  successive  senes  of  photographs  through  the 
analyser  of  the  poiaharope  as  the  specimen  was 
loaded  and  then  unloaded.  Thia  procedure  wee 
repeated  until  the  plastic  material  became  un¬ 
bonded  from  the  specimen  or  fracture  occurred. 


1  Photo*tn**  plastic  i«  n  comn'K-m*!  photorU»uc 
routing  mrrkrtt**!  I»v  tnr  Hudd  ( o  .  Phorttigvtllr.  Pa 
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Only  in  tin*  cese  of  t In*  semi-circular  noirhrd 
specimens  did  the  plastic  nietcritll  lieccim  un- 
bond -d  prior  to  fracture. 

Photoelastic  cOh*i:>!!S  were  not  used  on  the 
tandem  notch  specimens.  These  specimens  were 
electrolytieally  polished  and  chemically  etched 
prior  to  testii  •  Phot omicrogrnphs  at  lOOx 
were  taken  of  nil  notched  region-'  prior  to  and 
after  tensile  to.. tint;.  The  smite  electrolytic  pol¬ 
ishing  and  el'.emical  etchiic,  procedure  wa?  nseil 
for  all  of  the  photomiero<:raphie  work  and  etch 
pit  studies.  The  specimens  were  elec!rolytieally 
polished  for  .">()  seconds  at  :i  volts  (current  un¬ 
known')  in  an  electrolyte  which  consisted  of  six 


parts  methyl  alcohol  and  one  part  concentrated 
sulfuric  acid.  The  specimens  were  chemically 
et-hed  by  immersion  for  approximately  five 
sce.mds  in  a  solution  of  potassium  ferri-eyanide, 
sodium  hydroxide  and  water:  10  gut  K,Fe(CX),, 
10  gin  XnOH,  100  ml  Ha(). 

RKSL  LTS  AND  DISCUSSION 

'i'lie  etfeet  of  notch  severity  and  grain  size  on 
the  nature  of  plastic  tlow  in  notched  shee.  tensile 
specimens  of  molybdenum  was  investigated  by 
means  of  photoelastic  coatings  The  nature  of 
fracture  initiation  in  notched  sheet  tensile  speei- 
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mens  was  studied  through  the  use  of  tandem 
notch  specimens.  All  tests  were  con  lucted  at 
room  temperature. 


The  tensile  and  notch  tensile  property  s  of  re- 
crystallized  and  wrought  stress-relieved  n  olybde- 
nuiu  are  listed  in  Tahles  Ill  and  IV  respectively. 
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Tiie  NYi-mgr  mechanical  property  'is'*-,  nrv  pre¬ 
sent!  d  in  Table  V  The  shear  strain  data,  pre¬ 
sented  in  tiie  tables  was  determined  from  the 
pbotoelitMie  coating  studies.  Tb*  stress-strain 
curve*  for  tbe  rvcryst  alii  led  and  wrought  strew- 
relieved  material  an'  shown  in  Figure  2  and  .1  re¬ 
spectively  Figure  2  illustrate*  the  dramatic  c.T.-rt 
of  grain  si*i  on  tiie  flow  prvperlie*  of  recrystallixcd 


molybdenum.  This  behavior  is  it;  good  agreement 
with  tli1  findings  of  Johnson  (/-J ).  The  fine  grain 
size  material  exhibited  over  50  percent  reduction 


in  area  fR.  A  ).  I'rior  to  fracture  while  the  two 
larger  gram  size  materials  fractured  at  the  maxi¬ 
mum  loud  point  with  (■  percent  R.  A. 

The  data  on  the  smooth  tensile  specimens  m 
Table  III  show  that  one  of  tiie  large  grain  size 
s|N‘eiineiis  (spec.  21  1)2)  had  exceptionally  high 
yield  and  tensile  strength  values.  Both  of  the 
2.100s  f  annealed  specimens  were  found  to  have 
the  same  grain  size  and  a  chemical  analysis  check 
revealed  tlmi  the  (),  N,  H  and  (’  levels  were  the 
same  fi  r  both  specimens.  The  specimen  which 
showed  tiie  anomalous  behavior  was  obsirved  to 
have  u  much  more  pronounced  Weld  point  and  a 
rippled  irregular  surface  in  ti  e  gage  length.  No 
sound  explanation  for  this  behavior  was  found; 
however,  it  may  possibly  be  an  effect  of  orienta¬ 
tion.  Recent  studies  by  Rose,  Kerri ss  and  Wuiff 
i  In  i  on  the  yield  and  plastic  How  behavior  of  tunc 
steii  single  c/stals  found  the  proportional  limit  to 
lie  a  function  of  orientation  T„ey  found  iliat 
crystals  whose  tensile  axes  were  near  the  [llOj  di¬ 
rection  were  about  three  times  as  strong  as  [100] 
crystals.  1 1  was  also  found  that  [1 10]  crystals  dis¬ 
played  yield  phenomena  and  strain  harden  little, 
v  hen  as  the  (111)  and  [100]  orientations  yield 
smoothly  and  snowed  considerable  strain  harden¬ 
ing.  Whatever  the  reason  may  oe  for  the  ob¬ 
serv'd  anomalous  behavior  it  was  felt  that  these 
data  should  not  he  included  in  the  average  base 
line  data. 

Before  discussing  the  results  in  detail  some  gen¬ 
eral  observations  should  be  made.  In  all  of  the 
spe>  iniens  tested,  fracture  was  observed  to  occur 
by  transgranular  cleavage.  This  was  -true  even 
for  the  smooth  tensile  specimens  of  the  fine  grain 
rcerystallized  materiel  and  the  wrought  stress-re¬ 
lieved  material  which  exhibited  gross  plastic  flow 
prior  to  fracture.  All  of  the  notched  and  un¬ 
notched  specimens  of  the  wrought  stress-relieved 
material  were  transverse  to  the  rolling  direction  of 
the  sheet.  It  was  observed  that  for  all  of  the  ma¬ 
terial  conditions  fuere  was  never  sufficient  plastic 
deformation  to  cause  an  increase  in  the  notch 
root  radius  for  tiie  sharply  notched  specimens 
(Ki—H  'X),  Only  for  the  fine  grain  recrystalli/wd 
material  was  tlien*  sufficient  plastic  strain  to  cause 
a  slight  mrreas.'  in  root  radius  and  slight  dimpling 


at  the  notch  root  for  (K,~ 3.7 1. 
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l\Kl.t  KV  KOF  NO! Ul  SliVKRITY  ON 
STRKMJT!’  l‘K(>mtilKS 


The  elfcrt  (■(  strew*  miioa'i  ration  on  th*-  notch 
strength  ratio  noteh  tensile  strength  divid'd  hv 
illti’  'Hte  telisne  strent’ih,  is  illustrated  in  Figure  4. 
The  notch  strength  rati-  t  N.S.R  is  observed  to 
increase  to  a  inaxiiniin.  v.iluo  at  approximately 
*v,-  2  ami  then  decrease  witii  im-ieusittg  stress 
concentration  factor  for  all  mater: si  conditions. 
There  are  several  interesting  features  about  this 
diagram.  It  is  t;r-»  noticed  t hat  the  degree  of 
notch  weakening  at  the  highest  stress  concentra¬ 
tion  factor  is  not  very  severe.  For  a  truly  brittle 
material  elastic  theory  predicts  that  the  N.S.R.  - 
1  A’,.  Tliis  behavior  has  in  fact  been  experi¬ 
mentally  observed  for  at  least  ivo  structural  alloy 
(Vi).  It  is  readily  seen  that  none  of  tin  material 
conditions  investigated  approach  truly  brittle  be¬ 
havior  nil  defined  above.  This  must  be  explained 
by  one  of  two  reasons:  (,  1  >  the  material  does  not 
obey  the  maximum  principal  stress  theory  (the 
fracture  strength  is  a  material  constant);  or  (2) 
plastic  deformation,  either  macroscopic  of  micro¬ 
scopic,  precedes  fracture.  In  light  of  much  experi¬ 
mental  evidence  it  seems  very  likely  that  plastic 
deformation  prior  to  fracture  is  the  governing 
factor.  As  macroscopic  plastic  flow  was  not  ob¬ 
served  in  t he  two  larger  grain  size  materials,  loeal 
rnieroscopie  plastie  deformation  must  occur. 

The  observation  that  the  X.S.R.  decreases  with 
increasing  values  of  A",  is  readily  understood  from 
the  observation  (17)  that  the  binxinlity  of  stresses 
at  the  notch  root  it.creases  with  increasing  A',. 
The  increased  biaxiality  of  stresses  causes  a  lower¬ 
ing  of  thi>  shear  stress  (which  is  equal  to  half  the 
difference  of  the  principal  stresses)  and,  therefore, 
plastic  flow  is  inhibited  thus  the  maximum  tensile 
stress  is  not  relieved  and  increased  hydrostatic 
stress  conditions  promote  future  at  lower  applied 
stress  levels.  Stroh  (IS)  has  offered  an  alternative 
reason  for  noteh  weakening.  In  explaining  the  ob¬ 
served  increase  in  transition  temperature  with 
notched  specimens,  Stioh  reasons  that  the  in¬ 
creased  plastic  strain  rate  in  the  How  region  at  the 
root  of  the  notch  is  responsible  for  increasing  the 
transition  temp'rature.  Although  the  effects  of 
strain  rate  and  biaxiality  or  triaxiality  of  stresses 
may  be  equivalent,  the  quantitative  relationship 
between  the  two  and  their  effect  on  noteh  weaken¬ 
ing  has  not  yet  been  able  to  be  demonstrated. 
In  the  present  work  the  method  used  of  loading 
and  unloading  to  observe  the  flow  pattern  would 


seem  to  miminice  the  effect  of  strain  rate  and  favor 
the  biaxiality  of  atrmaca  reasoning 


Kt'it  Hfc  4.  Tl,(*  effect  of  strops  concentration  on  the  notch 

MlrptiKfl)  ratio  of  sheet  molybdenum. 

Another  curious  effect  which  is  observed  in 
Figure  4  is  that  almost  without  exception  the 
material  which  showed  the  least  ductility  in  the 
smooth  tensile  tests  demonstrated  a  higher  value 
of  N.S.R.  for  each  respective  value  of  K,.  This 
is  in  contrast  to  usual  observed  effect  that  the 
more  ductile  material  will  have  a  higher  N.S.R. 
for  a  given  value  of  K,.  It  should  be  pointed  out 
that  the  eviremely  high  value  of  N.S.R.  for  the 
large  grained  material,  A', ==193,  is  not  thought  to 
be  valid.  Tliis  point  is  based  on  only  one  speci¬ 
men  and  this  specimen  v.ss  observed  to  have  a 
roughened  rippled  surface  after  fracture,  similar 
to  that  observed  in  the  smooth  tensile  specimen 
of  the  same  grain  size  described  earlier.  Following 
the  same  reasoning  it  is  felt  that  the  notch  strength 
value  is  too  h’t'h  and  not  representative.  How¬ 
ever,  the  trend  of  higher  N.S.R.  values  for  the  less 
ductile  materials  may  still  be  valid.  This  seems 
difficult  to  believe  in  light  of  the  amount  >f 
evidence  to  the  contrary,  imgratn  et  al.  (1,9) 
have  shown  for  molybdenum  and  other  refractory 
metals  that  the  N.S.R.  for  a  given  notch  geometry 
decreases  as  the  material  ductility  is  decreased 
with  decreasing  test  temperature.  Weiss  (17)  has 
found  the  same  behavior  on  several  high  strength 
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-liivt  ttlloy*  Iter  IUM-  of  llic  (ilarrvtliiin  that 
Vs  K  thiTranm  willi  itc<rt*r**;ig  <lu<  ( (lit  \  whether 
due  lo  iln  tin!  trir.|M*mlii  x*  or  in<  r(‘aititti; 

'Iriiw  h:  txutlity  t,uririu>iiig  hi,i  W.-iw.  <niir|uii<*» 
*  tint  notch  ornMllvily ,  «s  indicated  by  \SR 
\  "  h,  .  urv. .-.  i**  a:.  ndicutnr  of  nil  ductility 
«-hn nyrt~»  regardless  of  their  imi  ur«*  Because  »»f  l lie 
limili'il  data  i* vi.  able  in  this  ■'(inly  "  t  felt  dial 
many  morr  ti*stx  iiiiim  Im>  p-ulurintd  tiefore  I 
behavior  i  ,'ii  Ih*  confirmed.  I:  ul-o  must  In* 
rememlwred  (Imi  llii'  material  ductility  ill  lliis 
sillily  was  v uriisl  by  changing  tin-  grain  size  ami. 
therelnre.  tlh  iN-linvior  ilru must ratrd  here  •••:;*■ 
well  not  l>i>  a  ri-lli-rtiiiit  of  t.-nsile  ductility.  u«  do* 
brittle  grain  lammliiry  lilin  in  da-  larger  gra.n  size 
nnitiTinl  is  surelv  playinjr  an  iinj*or!:int  roll*  in 
governing  tin-  frari'Ti*  behavior.  Thus  when  tin* 
malarial  is  sufficiently  «*iiiliritili*il.  do*  effect  of 
increasing  llii*  notch  sharpness  on  the  materials 
strength  proport ii*s  may  lieeonie  of  negligible 
import  miee. 

Tlu*  notch  stretigt In  ning  effect  in  the  mild  notrli 
region  (l\,  •.’!  although  widely  oliserved  is  not 
well  tiiulerstooil.  Because  it  is  oliserved  on  such 
a  wide  range  of  metals  and  alloys  it  must  lie  con¬ 
nected  with  tin;  particular  state  of  stress  cf  this 
notch  geometry.  Yoorhees  and  Freeman  (J») 
have  also  oliserved  the  same  ladiavior  in  rree|>- 
rupture  studies  of  notched  specimens  on  high 
temperature  alloys.  It  is  also  oliserved  ,/.'))  that 
round  liar  specimens  with  the  same  notch  geonirtry 
demonstrate  a  greater  notch  strengthening  effect 
than  sheet  specimens.  Therefore,  the  nieclmmsm 
of  notch  strengthening  is  more  res|Hinsive  to 
triaxial  states  ol  stri*ss  than  biaxial  states  of  stress. 

KKFKCT  OF  GRAIN  SIZK  ON 
STRENGTH  PROPERTIES 

The  effect  of  grain  aize  on  the  yield  slrrat. 
frai  ktire  st:  »‘*v»  itiid  tiOlt  !■  fracti  re  stress  i*  illus¬ 
trated  in  Figure  .V  The  fracture  stress  and  y  ield 
stress  curves  are  seen  to  follow  the  generally 
observed  line..)  dependence  with  (grain  aizri  '  \ 
The  notched  fracture  stress  drat  lure  load  divided 
by  cross  sectional  area  st  fracture)  curves  do  not 
show  this  same  dependence.  In  all  the  tests 
conducted  on  both  notched  and  ui  notched  tensile 
specimens,  for  all  of  the  maternal  condition*,  no 
micro -ricks  were  found  which  were  not  a  result  of 
the  'rncture  process  itaelf.  In  the  tandem  notrh 
specimens  whirh  were  polished  and  etched  prior  lo 
testing  no  surface  mrrorra-k*  could  be  found  in 


Ku.i  at  .".  The  i-ttrel  i>f  grain  'ise  on  the  !<"ver  yield 
fruit  un-  aiul  notch  fracture  mrc**  of 


the  unfailed  notch  section.  These  sections  were 
sulNH‘t|U(*ntly  mounted  and  inet  allograph*  ally 
examined  through  tlu*  sheet  thickness  and  again 
no  mk-rocrack*  w*m  observed  The  smooth  tensile 
specimens  wen*  metallographically  examined 
through  tlie  sheet  thickneaa  after  testing  and  only 
a  very  few  mirrar-arkt  were  observed  and  throe 
were  immediately  adjacent  to  the  fracture  surface 
ami  tjuite  apparently  occurred  as  the  result  of 
fracture  These  few  cracks  adjacent  to  the  fracture 
surface  were  found  only  in  the  1.100*  C  and  1,800* 
C  annealed  material  and  none  were  observed  for 
tlie  2. 100*  C  annealed  material  nor  for  the  wrought 
stir  as-relieved  material  The  crack*  found  in  the 
notched  tensile  specimens  for  all  root  radii,  were 
large  secondary  creeks  resulting  from  the  fractur- 
procesa 

The  ductile-brink*  transition  tempera  urv  *  or 
temperature  range)  for  molybdenum  haa  been 
shown  (if/)  to  be  about  room  temperatu"*  The 
ductile-brittle  transition  temperature  *»  deter¬ 
mined  in  a  smooth  temule  lest  w  usually  defined 
ss  the  temperature  at  which  the  reduction  in  are* 
curve  versus  test  temperature  drops  rapidly 
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Tin-  trai'aitioli  tniqier*t lift*  ran  hr  raised  If, 
tmr.-aaiitg  grail1  *‘*r.  strain  fair.  >t  'cratitial  con- 
Iriil  and  l>\  intrudui  iiiy  biaxial  ••»  irmxial  slates 
i>l  tlrn*  llng'ani  rl  a1.  •  /'*  have  shut-n  that 
tli«*  transition  li-ii‘|M'ratiirr  <n  linr  grain  rrcr.slal- 
ll/e»!  molyMrnum  sheet  i»  mi- .si  fhxii  almi.l  .Ml 1 
I'  to  12.'  I'  with  a  IK-Itl..  with  A’,  <  F«r 

wrought  stress- rebel  e<  liiolvltdfmihi  sleet  they 
ohscrvisl  an  increase  In  transit1.. i.  Iniia  .rutin-.- 
innii  il f h  it  h>  t  ‘  to  II"1  ( '  (nr  tin-  -mi..'  notched 
condition  Tlir  two  lalgci  cram  “ire  materials  in 
this  >*1  liny  tcmoliat  rated  1'^  redurtmii  Itl  aria 
Th-.-tvf.ir;-.  :!  ran  •<•  ismsidensl  that  for  these 
test*  which  were  rnndtlrtrd  at  room  ten  pe'ature. 
llir  w  rough'  s'rewt-rehevisl  niatrrial  wan  train! 
-lightly  alaivr  t ' ;«■  transition  tcin|>er*ture  am!  llir 
Icciy  strlli/isi  nintcrnd  "a*  tested  slightly  Itelow 
llir  transition  trui|>erulurr 

Morr  iiiifMirtaiil  that:  thr  linns1  transition 
'"tliprru! :irr  llinlrr  which  rarli  t«"sl  was  mlliliirtrrl 
ts  thr  knowledge  of  llir  amount  of  phisttr  flow 
whit'll  preceded  fracture.  Kioin  llir  striss-strain 
rnrvrs  it  is  seen  that  all  of  thr  snxaith  trlilktlr 
specimens  fractured  hevond  tlir  yield  stress  with 
varying  toeounls  of  strain  hardening  am!  tola! 
sirain  to  frartnrr.  Tlirrrforr.  nonr  of  thr  inatr- 
rial  rotuliliotis  was  sufficiently  linttlr  surli  that 
mirrocrach*  anr  formed  simultaneously  with  plas- 
tir  How  at  llir  upper  yirhl  |ioint.  as  predicted  by 
Weaael  i.V’  n:  a  yirhl  model  for  IRV  metals 
exhibiting  hnttlr  liehavior.  likewise  neither  are 
the  fine  grained  or  wrought  sire**  relieved  root  1 1 
tarns  sufficiently  ductile  as  to  fail  in  a  ductile 
fibrous  manner  Thus,  the  type  of  fracture  mech- 
antxi:  dcambrsl  by  Petrh  (2J>  in  which  nonprop- 
agatn^r  m'cmrrwrks  are  joined  by  plastic  tearing, 
producing  a  irarture  of  fibrous  character  whtrh 
runtains  annir  rlcavagr  facets,  ts  not  applicahlc 
•  or  these  test*  The  fractures  occurring  in  I  hear 
sample*  are  thus  probably  best  drsrntxd  aa  due 
tdc  clearag-  or  quasi  ductile  cleavage  fractures 
Tlius.  it  is  ot  interest  to  analyse  th*  present 
results  it.  light  of  (  ottreU's  >fji  theory  o’  Hcavage 
fracture. 

In  analytuig  the  smooth  tensile  test  data  if  can 
he  arm  from  Figure  j  that  the  lower  yield  strews 
Inflow*  the  predicted  relationship  of  Fetch  ifJ) 
that  »,  -  •  4yf  'Equation  t.Jii  |r.  ih:s  equa- 

t»r  t,  sod  *,  are  aiicar  stresses  (V  of  tile  tensile 
slrr-wr*  and  d  u  equal  to  the  half  grain  diameter 
If  lie  data  in  Figure  ’>  are  ploltrd  4tug  shear 
Unas.*  a  ml  the  half  gram  dunnetei  the  faQowine 
miiiii  arc  i*ht».r*c.'  t,  7  s  kg  nun  .  4,  .to*  |t* 


dyne,  cm'  •  Theae  lalurs  are  in  relatively  good 
nyrecn  .nl  with  the  values  obtained  by  JohlWAI 
i  / ;  «:i  i.iolytaleii.iiu  of  approximately  the  tame 
purity  .lohiiaoii  ohlaitifd  value* of  t,  .VS  kg  to1 1 
ami  l,  tittl  1  It*’ dvnea  mi”. 

In  Cottrell'.  (*;•  theory  of  hnttle  fracture  « 
dm  1 1!<— lirtl  tl<-  I  rail'll  Kin  crtlrnott  is  thrived  on 
:i  gram  as-  basis  rather  than  temperature  Ac- 
;J;1S  theory  tin  limiting  <  utciiliuii  for 
.  r«<  k  tonuatmn  is  given  by  the  relation  in  Equa* 
lion  1 1 1 .  ‘  where  4ms  constant  — 

for  'imple  ten  Mon.  2  fur  torsion  ami  approxi¬ 
mately  S  for  the  plastically  constrained  zone  of 
a  notch,  it  i*  the  shear  modulus  ami  h  is  the 
elfis-tive  surfai-e  energy  for  frsrtmv.  When  th 
left  hand  'tih1  of  Equation  (4 »  rxciaal*  the  right 
hand  side  hnitle  la-liax  ior  is  expected  as  the  yield 
stress  is  more  than  sufficient  to  cause  the  crack 
to  grow  into  s  i-nmpletr  fracture  When  the 
left  hand  side  is  smaller  than  the  right  hand  side, 
ductile  Is-havmr  is  expected.  Thr  fracture 
stresses  are  also  ulks'rvnl  to  fit  thr  inverse  square 
nsit  law  Fnim  the  intersection  of  the  fracture 
stress  curve  wi:h  the  lower  yield  stress  rurve  the 
transit  ion  gram  diameter  is  found  to  he  0.2  V) 
mm  which  is  just  slightly  larger  than  thr  largest 
grain  sixe  used  in  this  study  Thus,  according  to 
this  grain  sue  transition  rritrnon  sll  of  the  speci¬ 
mens  tested  are  on  the  ductile  side  -!  the  transition 
point  Equation  < 4 >  therefore,  provide*  a  mean* 
for  estimating  the  effective  surface  energy  (k> 
for  cleavage  crack  initiation.  I'ting  4—1. 

12  2  *  lt**fcg  mm*.  #,--10  5  kg  mm*.  F,— 3.0X10' 
dyne*  cm’ ami  2d  >  0.250  mm,  we  obtain 
X  >  2  Son  erg*  rm*  This  compares  with  value* 
of  S,000  ergs  cm*  estimated  by  ('oltrril  (SV  and 
12.000  erg* 'em*  estimated  by  Johnson  (#4 » .  Thr 
theoretical  «urf*ce  Irnsios  of  molybdenum  ha* 
(wen  cslruUied  by  Taylor  (,‘*<>>  to  he  2.240  erg*' 
cm1;  therefore,  appar-ntlv  the  effective  aurfare 
energy  f-r  crack  initiatiuei  in  molybdenum, 
according  to  thr  above  criterion,  i*  very  dose  lo 
the  true  nadare  tension  li  should  be  cautioned 
that  <bc  Cot  I  red  grain  «*e  trammer  mterioo 
l«  derives!  (mm  a  model  which  stale*  that  a 
rleaxagr  erwrk  i«  foem-d  within  a  gram  by  ibe 
junction  of  two  micra.s-ticg  dip  plane*  All  of 
the  frwrt arcs  m  this  study  were  obaenred  lo 
initiate  *i  grain  boundaries;  tbefeforr.  tb*» 
.-ftlrnon  m*v  iw>i  he  applicable  for  thesr  teal* 
It  should  also  hr  mrniianed  that  I'otlrrl]  predict* 
tha*  on  the  duct;!-  side  of  the  transition  paint 
tier  fracture  •! re"  slmuhl  mrrewae  lincarlt;  with 


an 


>1  1  '  along  a  III:,-  which  cMrapulat*--  l«<k  In 
■i,  ••  i*i  •/  '  '  •*  This  ;■  |>ri-ili<  litl  fnim  thr 
ductile  c|ra«ap-  fracture  *-\pr*-"U  n 


w In-re  ii,  i»  ll  il  n  lilr  >  |i-«\ age  fracture  <tn-v 
It  •«n  U  M-a-n  ill  Figure  "i  tlmt  nil  hough  the 
hractur*  .!r*—>  pint  i«  lim-ur  it  ii*u  e\tra|N>late 
lull  k  In  lln-  t-rtg.ll  Mini  tier  |  h  >1 1 1 1  nf  interi—l 
InT*  thill  lln-  t'ullrrll  ■  henry  predict'  I  In*  I  nil 
ill)-  ilinl-it  III*  nf  I  In-  Trull'll  inn  point.  **  ln-r*-  the 
left  Imliii  Mil*-  nf  Equation  >4  i'  'iniilli-r  limn  llir 
Itjrf-I  tuiinl  'id-.  it  i'  i'\|h-*‘it*«:  ((ml  iiinriu  rurk' 
will  fnnu  Imi  nni  pm*  agate.  Such  non  propa¬ 
gating  mnmcraek'  have  la-cii  < *t r v ,« I  ...  'lerl: 
lio*»-\er.  it  «ii'  sei-n  in  ilu'  study  that  n»  such 
milm-  nn  k'  **i-n-  found  ll  i»  'Ugge'te*!  I licrc- 
fnri-.  I  lull  n  1 1  lion^li  Equal  Inti  i4  limy  adequately 
dr'enlx- thr  limiting  i-oiidil urn  f**r  t  rack  initiatum 
fm'ii  '|||I  hand'  111  'teel.  ll  mu\  lint  lia.e  gem-nil 
applicability  In  all  III  I  nii  .aU  A'  nmliv  nthrr 
'I  mill-'  lm\t-  'linwu.  tin-  precis*-  n-iatinti'hip 
l*clwe**ii  hrti-togciicnu>  pla'ti*-  How  anil  crunk 
niich-alinti  i'  an  cUrvmelv  complex  ami  uiiclt-ar 
one  ll  also  Ncetns  rt-a-umahlc  In  expect  that  the 
rrlalain'li.p  I  a- 'with  ili'lncalmii  iimvi-rnriil  ami 
era*  k  formalm:*  al  pram  l.nundaries  i<  *-v<-n  outre 
complex  ilmn  in  lln*  interior  nf  lli«-  pram  It  t' 
aim  noted  lliai  nnlv  III  til--  nv  ni  'lerl.  ami  lllrse 
tlala  arc  In  died.  has  I  here  lir--lt  adequate  rxprn- 
Iiirnlal  vrnficalitm  of  ihr  ililrtilc  Ira  tape  fracliirc 
rrlalmn-ilup.  expressed  in  Equation  »-*»'.  which 
prmict*  i ha'  l he  frwriure  stress  curvr  sltnuid 
ext  rapnl.  Ir  In  I  iir  unpin 

I:  is  of  ml  erect  now  .  '  Irral  llir  aaiur  tlala  hv 
I  hr  !lnfflth4bowan  t2?  -.  henry  of  fracture  ‘r!ie 
(infftth-Orowan  Irratinrli  tif  Itnltlr 
tlnmltc*  I  hr  mil, 111  if. ns  ft  llir  pmpapt>..m, 
rl~«xapr  frarlnrr  from  per-c  ulutg  rraclu  Tlir 
muju  Irrtn  I’  in  the  ( inffitii-Oroman  equal-on 

Kq 

:*  I  hr  rffnrlnr  surface  oirr^i  for  tpoulinnai* 
crock  nropapa f inn  to  ultimate  fr.icture  In  a 
tliulv  o.‘  the  effects  of  mu~r*»»l  at  lure  on  hnllhr 
frartutr  I  a* a  i{S>  ha«  shown  -lat  thr  rrarl 
Iriipth  r  ill  Equation  ift-  f<  r  »  pnltrTVsIallmr 
i-ulmal  implit  l*r  rvprrlal  to  bt  t-cjual  or  propor¬ 
tional  to  tiir  prafi  Mtr  ami  ll  ctefoev .  from  Equa¬ 
tion  -ft  thr  frarturr  *1  t»  *J  to  tilt  I  **ry  •»  ihr 


tprain  Mtr  '1'  Iir  drmonatratrd  that  t>*i»  ««* 
experiment  all*  thr  caw  for  ■  low  carbon  alee  I 
leated  at  195*  <’  Tima,  if  thr  crack  linpth  r 
la  assumed  equal  to  the  plain  »lr  tl  tin  (iriffilk- 
Oniwan  relation  for  apoiitancous  crick  p-opapa- 
Iioii  ,  *,/(/'’-  rsmstaiit,  ami  tint*  /*  is  a  matt-rial 
roll'!  mi  I  for  a  pivi-n  act  of  t**sl  comlitHil  a.  This 
rrlnliniiahip  aho  pri'l-cla  that  the  fracture  Strews 
riirvr  should  extrapolate  *-i  zero  al  = 
From  Klpurr  i:  appears  I  hat  thr  relation 
t  .'il''  -  cori'taet  is  satisfied.  howt-ve*.  if  we 
a'siiun-  c  =  t/  am!  from  E>|uatiou  (lit  cah  ulate  the 
value /* for  rarit  pram  size  wi  iimi  that  tile  values 
of  /*  an-  1SS  «>\  D  !  >XI»*.  ami  >  9^X10* 
erps  i-iii-*  for  prain  iliaiueters  tspial  to  O.C  -2,  0.152. 
ami  n  2*25  nun  reu|as-tive!v  The  larpest  variation 
!u-ihp  a  factor  of  However,  from  the  mi-tallo- 
pen  phi-  cvitleiict-  we  ruliliot  make  the  ONSUuiptioil 
I hnl  r  -</.  as  no  luicna-racks  were  oliwrve*l.  A 
Ih-iiit  ns.'iliu;ilioii  would  in-  that  the  critical 
■  rack  size  for  tins  material  must  al  leer.l  he 
smaller  than  the  smalh-sl  pram  diameter,  la-t  us 
arbitrarily  usaimie  'hen  that  thr  rriliral  crack 
aizc  :  espial  to  h  t ne  sniallcat  prain  iliamrttr  or 
c  0.02  mm  When  c  is  assume*!  ts-itaiaiil  equal 
in  0.02  mm,  tin*  valurs  of  /*  from  Equation  (6> 
f**r  tin-  smalli-s*  to  larprat  pram  diauirtcr  rrspec- 
mely  aiv  9.0 X 10*.  1.2X10*.  ami  5  5X1I>*  erps 
cm".  Tim*.  :!n  rffeclivr  surface  rtirrpy  for 
crack  Jiropupaluii.  appearr  to  Ih>  about  10*  erps 
cor*  which  is  one  ordrr  of  magnitude  higher  than 
l hr  effective  surface  enetpy  for  rtarls  initiation 
This  indicate*  that  the  resistance  to  rrack 
{ *ru p«*pat ion  is  prealer  than  the  resistance  to 
crack  initiation  Tins  v.i*  shoam  by  liaku  el  al 
to  be  the  c*. *r  for  cleavage  microcrack  initia¬ 
tion  and  propogution  in  steel  teste*!  at  low  tem¬ 
peratures  lln ’•-ver  no  non  pm  pap  imp  micro- 
c--..-.k*  were  observed  m  molybdenum,  but  were 
obseried  by  lluhn  .->  'he  stmltrs  on  steel  Tim*, 
the  above  statement  that  crack  propagation  ic 
inoiybdrnum  w  more  difficult  than  rrack  imliat*on 
may  well  be  erroneous  Wc  can.  wt'h  equal 
validity,  assume  that  the  critical  rrack  sizr  ts 
smaller  than  *,  the  smallest  pram  diameter  If  we 
rlioose  -  -  *»  the  smallest  grain  diainetee  (r  --0.01 
mm  >  ae  find  th-.t  the  rrBprctivr  value  :  of  /*  are 

4  5*  10'.  6  *  lt»*.  ami  1  65  -  10*  ergs  mi'  The 

efTecti*  r  surface  etierg*  fat  rrack  pro*  agwtion  »s 
now  the  same  order  of  magnitude  as  the  effective 
s.irface  energy  for  CTark  initiation  Tlietef OCT  in 
aprersm-nl  aith  thr  rxpcnmenlal  hnding  that  no 
-an  pro  pap.  ting  miriw*sfU  were  ot«werve*l.  :t 


iiwv  rorriTtly  appears  *  lint  tli  -  resistance  In 
crack  propagation  in  alaiut  tin-  sain*  -\t  'lit-  resist¬ 
ance  to  crack  initiation  for  rccryslallizi'd  iiiolylt- 
dcniini  at  room  tempcri'inn*.  Tin*  uliaorva*i«»:i 
that  ilif  effective  surface  encigii  ?■  for  fracltir.  ..r. 

nearly  iN|tni|  lo  the  true  Mii'nre  Icnsiuii,  indi- 
cat.’s  that  uiitlrr  tin-  propei  test  condition*  imyii- 
tidlizcd  liiolvUlfliHln  loiihl  exhibit  Very  low 
tti.-ri»v  frwlurw 

ll  lulls:  In*  poii.'rti  out  that  /*  in  tin*  (irillith- 
On>unn  equation  is  a  material  constant  for  s|ton- 
taneous  crack  propagation  only  for  a  given  act  of 
test  conditions  anil  dors  not  liavr  an*.  general 
siimiliranrr  As  a  as  pointed  out  l>>  I  sic.  i?A'i  /’* 
is  ro:npoM*tl  of  two  roin|omnts.  the  energy  of 
deformation  for  the  formation  of  cleavage  steps 
w it liin  the  gram.  and  the  energy  f'  t  shear  defor- 
itiatHin  rti|Ui;-«*d  to  join  adjarrnt  tiravagin.  The 
energy  for  shear  deformation  is  tittle  h  the  larger 
roni|Mi:u*n!  in  the  value  »l  i\  Tin-  v»lue  of  /* 
will,  therefore,  rrfliv:  the  ratio  of  nuod*er  of 
sheared  crystallites  to  cleaved  crystallites  Thus, 
n*.  the  yield  slrriiglh  is  raised  or  loitered  hi  de¬ 
creasing  or  increasing  tlv  test  temperature  this 
ratki  anti  thus  the  value  of  /*  would  lie  expected 
to  change.  The  rw.'io  of  sheared  to  r!e«\rd  r.-ys- 
tallitrs  would  also  l*e  exported  lo  lie  strongly 
dr|*emlenl  on  grain  site  as  the  grain  Isiimdarirs 
art  as  strnnr  liarriers  in  ihe  ;%eoit«te*i ..m  »>;  r!. -st  ¬ 
age  cracks  The  i»l«*rrtation  that  grain  Imuiid- 
aries  act  as  liamers  to  the  propagation  of  cleavage 
cracks  L.  nr!!  illustrated  in  Figure  (5  This  figure 
sliows  a  secondary  crack,  which  emanated  froi, 
she  frarture  surfare.  propagating  from  left  to  right 
The  siiif*  in  orientation  of  the  crack  from  grain  to 
gram  w  also  readily  ohaerved  Owen,  Averhath. 
and  tohen  ;jKh  in  studying  the  brittle  fracture  of 
mild  >lrd  also  pointed  out  that  /*  shouhl  he  a 
function  of  gram  site  The  results  showing  that 
/'  increased  with  decreasing  grain  war.  although 
only  dighth  sttppc  .Ms  this  argument 

FH MTIRK  INITIATION 

Tlie  tandem  notch  specimens  sneer  used  m 
Older  lo  sttl.Iv  thr  location  atwl  mode  of  fracture 
miltatioii  The  lamieto  notch  sprcitmsi*  were 
rarrfullv  machined  such  that  the  largest  viriation 
111  note!,  depth  Hi  0  003  inch  Thus,  whet) 
frariurr  orrtir*  the  slate  of  stress  and  strain  or 
ilrgree  r.f  piaster  flow  thr.t  exists  in  the  untiartur.'il 
nol.il  section.  IS  that  w  hirh  exists  just  prior  In 
fraeiuie  All  of  liie  latnicm  oolrh  tfiecmi -iis  arm 


electmlytically  polished  and  chemically  etched 
prior  to  testing  Plmtoinirrograph'*  ut  100  x  were 
taken  of  ail  notched  regions  prior  to  and  after 
tensile  t eating.  Thr  results  of  this  portion  o, 
the  Investigation  leVcahsI  that  in  visible  plt-alii 
deformation  t<  ok  place  prior  to  fracture  for  any 
of  the  material  conditions  with  the  sharpest 
note!.  {K,  H:ti  As  both  the  fine  grained 
■  •'crystallized  material  and  the  wrought  strive 
ii'lii'Ved  material  were  observed  to  undergo  over 
.Vi  pt-reem  reduction  in  area  in  the  unnotrheil 
tensile  ti*st,  this  illustrates  the  extn*me  effective¬ 
ness  of  a  noteli  in  restricting  p!a*ti~  flow  prior  to 
fracture  Tandem  notch  specimens  with  a  0.030 
inch  root  radius  (A’,-  3.7 ;  wen*  tested  only  for  flat 
wrong!.!  strcsa-rrlicvisl  material  eondition.  It: 
these  tests  a  slight  amount  of  plastic  deformation 
in  the  vicinity  of  the  notch  root  was  observed, 
however.  tlii»  amount  of  defot mation  was  msuf- 
Kcent  to  cuuse  an  increase  in  the  notch  root  radius. 
|i  was  tiotiai  that  the  greatest  amount  of  plastic 
deformation  occurred  i*i  regions  away  from  the 
tail  tom  center  of  I  tic  notch  root.  The  reasons 
for  this  liehavior  will  lie  discussed  in  a  later 
section,  ll  was  ulse  observed  that  the  fracture 
originated  at  t nc  iaittom  of  the  notch  root  in  the 
region  of  least  plastic  flow  All  of  thr  fractures 
in  the  recry st allizrd  spccimn;  except  one  were 
olv*«-rv~i  •«  **»*•**•«*  *•'  Iioundunrs  The 

fraeturr  whirli  did  led  originate  at  a  grain 
laiundary  was  found  to  initiate  at  an  irregularity 
in  the  root  of  the  notih.  AU  of  ihe  fracture# 
were  found  to  occur  predominately  by  trans- 
grat.ular  cleavage  rrark  propagation  Even  wihen 
thr  rrark  appeared  occasionally  to  he  inter¬ 
granular  upon  due;  examination  it  could  hr 
fouml  that  Ihe  crack  merely  ran  mijsTtit  lo  the 
grain  boundary  hut  nut  through  it.  Tliia  is 
illustrated  in  Flgurr  6  Ttv.v  oharrvatrons  ale 
in  gooil  agreement  with  those  of  Ilerhtold  iSi  ■ 
who  ol**r* vest  that  fractures  in  polyrr  vauliinr . 
molyhdrtiui:i.  ruohimti  and  tungsten  almost  always 
start  at  glain  boundaries,  although  the  fracture 
max  oropagatr  almaat  entirely  tnmsgraiiuUHv 
Two  of  the  apenmens  sir*  studied  srith  the  aid 
of  high  speed  motion  pwlure*  in  order  to  delcr- 
imne  the  mode  of  frsrture  initiation  Specimen* 
21  112  snd  21  E2  (A*,  -  3.7i  which  had  pre- 
Vvousjv  failed  i.i  the  pin  lush*  were  tested  spun 
at  a  very  high  ti»»ding  rate  and  motion  pietiim 
of  ihe  notch  serlion  were  lakrti  at  5000  frames 
per  M-cowd  The  film  o'  spenmeo  2 1  112  re- 
Veajeil  that  appaiettlv  thr  spennirn  broke 
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a>  I ntrlnrv  -  irfi'ie  amt -rmmlary  crack,  IlklX  ! t» 1  Smindary  cftrk,  UOX. 

Ki'.i  ai  '■  Vir*  i..‘  fracture  -airfare  .a1  amt  -crohitan  rrark»  (al  anr!  Ilu  in  I. WO*  C  annealed  maiHul. 


*imult;inmn*ly  across  the  entire  notch  ...lion 
it  till  no  , Dilution  phase  mt:!.i  Ik-  detected 
Fracture  in  specimen  21  K-  ttn*  nl«.TVnl  to 
Itnttiilr  ut  tin-  surface  of  «»iu-  of  tin-  notrli  root* 
mill  propagate  nrro*s  tin-  notch  section  From 
tin-  tiim  speed  in  lln*s»-  tests  tin-  iipproMtnut.- 
tliin-  for  frartlin-  to  mntr  »»  fnuml  |o  In-  111’* 
seconds 

(  Iru*  age  fare;*  for  nil  of  tlir  nmlrfiiil  romlit ion* 
v\  rr  cxaiuihial  nmi  typiral  rbaVagr  step  "  ri  >vr 
patients"  wore  olrorvtal 

In  nttrn  l-tniir  to  loralr  (hr  precise  orient  of 
frar’urr  at  thr  notrli  *not,  it  was  found  that 
SCV.'ral  rrgtotl*  through  tllr  lllicknrsti  nljrrml  In 
the  notrli  roo.  nppmml  to  l.r  thr  initiation  «tr 
Thtrsr  *ltr*  urn-  found  III  following  tllr  "nvrr 
pattern*"  lurk  to  their  romiuoti  pHiait  In  nil 
raw*  tin*  jp-tino*  was  found  In  In'  n  grain  houndari 
(  ftllMnl.  rt  a)  .  |32>  HI  all  r\tr1l*l\r  Study  uf  th. 
nature  of  l.nlllr  fnctutr  in  notrli  onpart  lr*|* 
foi  ml  tli-*  tat  ir  ItrhaYior  Investigating  thr 
frarturr  carfare  in  tlir  mpoti  of  thr  notch,  bv 
rlrrtron  tnirrowropy .  they  fow  «l  that  lltrrr  a  a* 
no  nniiptr  point  of  origin  for  all  portion*  of  thr 
fratlurr  anil  that  cracking  ar.»  awdnatnl  with  a 
M-fici  of  *urre**iVc  initiations  Ttirl  oKarfVr*! 
if. at  tlir  liimrtion*  of  nun  «n«l  microt car*  acre 
c|Ullc  ratnloio  lull  inuld  Ik-  grouped  -II muni  a 
liilinl*-.  in  "bur»l  mitre-*  "  tpoio  which  tlir 
fra  tui :r-.irhiti :j'  rsilt*  in  ill  ilirrrtlon*  I* 
appear*  then  that  fracture  initiate*  at  thr 
liotrh  root  through  trir  jOtnii  g  of  a  nnnilirr  of 
separate  Iicrocra.  a*  a  inch  for-!!  almost 
sjnmitnii  iitialv 


These  results  emphasize  tlir  it::pcrtur.rr  of  *hr 
intergranular  rarhiilc  precipitates  in  controlling 
tlir  frarlur.  behavior  in  rrcrvslalliwd  molyiv- 
■Irnuiii  Tint  thr  grain  houn  irv  film  is  Mounted 
to  he  carhiilr  precipitate*  t.«  readily  understood 
from  thr  rhrtitiral  analyst*  of  thr  rerrystalliird 
specimen*  Thr  rhrniiral  analysis  also  shows  that 
tin-  vacuum  annealing  atmosphere  effectively 
lower*  thr  ga*  ronlrnt  anil  may  also  remove  part 
of  thr  rartsMi  From  tlir  molybdenum  rarbon 
piiasr  diagram  of  Spanl  and  Wulff  (53),  it  is 
apparent  that  all  of  .hr  specimens  were  annealed 
to  thr  Mtigir  phase  terminal  solid  solution  region 
ami  thu*  thr  power  off  cooling  rate  used  in  this 
study  was  not  sufficiently  fas!  to  hold  the  rarbon 
in  solution  n.al  the  carbide  pfTvipilatcs  arr 
responsible  for  thr  ol-srrvrd  low  durtility  was 
drnionstratr*l  by  Span!  ami  Wulff  when  they 
f  iUttd  that  ns  IvUIrtmu  arirr.  arilh  1*30  PPM 
ri_rla>n.  alien  (pirn.  ':r*l  from  a  30-minut.*  anneal 
at  2.100*  (\  and  sub*"*|Ur*ii|y  t-wtlt  (rated,  ha., 
a  durtilttv  of  S3  prevent  reduction  in  area. 

INITIAL  YlhUMNt;  STtDIKS 

Tlir  studtr*  ut  initial  yiddmg  in  tbr  notched 
•prtmrtn  provided  both  qualitative  and  qtianti- 
tal.  vr  ini~rtnal»n  ronemung  thr  nature  if  plastic 
How  poor  to  fracture  The  welding  ass  studied 
by  means  <4  pbotorlaslK-  coating*  and  crtl -unload 
techniques  as  <irscribr*l  in  the  sect  km:  HI  cxprci- 
mrtital  procrtlurr  A  fra  ailditKMial  bnrf  ilslsih 
mar  br  *f  value  to  thosr  unfatiuUaf  with  this 
terhmqur  Wl-eti  the  spmmm  uml<*  load  I* 
*  iraetl  tbrougli  a  i  efter  I  ion  polartsropr  tbr  total 


.shear  strains  on  the  surface  of  die  sheet  run  tH. 
determined  directly  from  the  isochromatic  fringe 
patterns.  An  isorhromutir  is  a  line  of  constant 
color  or  line  of  constant  magnitude  of  shear  strain 
fy),  where  y—t,  — The  fringe  patterns  observed 
when  the  specimen  is  imloa  led  are  thus  the 
residual  or  plastic  shear  strains  occurring  in  the 
metal.  The  linear  sir:  a  optical  response  of  the 
plastic  used  in  this  study  was  approximately  .'t 
percent  strain.  Thus,  for  deformations  larger 
than  3  percent  this  technique  is  no  longer  valid 
In  several  eases  it  was  found  that  the  plastic 
bonded  to  (fie  specimen  came  off  just  prior  to 
fracture  without  cracking  and  it  was  observed  in 
all  eases  that  the  plastie  exhibited  0  percent 
residual  strain;  therefore,  in  all  of  these  studies 
the  plastie  strains  observed  were  due  only  to 
plastic  response  in  the  metal.  The  magnitude  of 
shear  strain  for  each  fringe  can  be  determined  by 
knowing  the  strain-optical  coefficient  of  the  plastic 
and  the  plastic  thickness.  For  those  studios  the 
shear  strain  per  fringe  was  2,960  microinch  per 
inch,  or  very  nearly  0.3  percent  strain.  The 
strain  correction  factor  for  the  reinforcing  effect  of 
the  coating  was  calculated  to  he  1.008  and  was 
therefore,  neglected.  The  isoclinics  were  also 
determined.  An  isoclinic  is  the  locus  of  points 
along  which  the  principal  stresses  have  parallel 
directions.  Zandman  ((%)  has  presented  in  detail 
the  principles  of  photoelastic  coatings.  A  com¬ 
parison  of  techniques  such  as  photoelastic  coatings, 
etching,  and  brittle  coutings,  used  to  detect 
Lueders'  lines  in  mild  steel  bar.  been  made  by 
Durelli,  et  al.  (So). 

The  nature  of  yielding  in  the  various  notch 
tensile  specimens  is  shown  by  the  ischnmut  In¬ 
fringe  patterns  in  Figures  7  and  8.  With  the 
exception  of  the  strain  pattern  in  Figure  7(a)  all 
of  the  fringe  patterns  illustrate  plastic  strain 
regions  (zero  load).  These  plastic  (low  regions 
have  been  termed  enclaves  by  Allen  and  Southwell 
(7).  In  Figure  7fn)  and  Figure  7(b)  the  difference 
between  the  total  (elastic  and  plastic)  shear  strain 
and  the  plastic  shear  strain  is  shown,  for  the 
wrought  stress-relieved  material,  nn.i  Ki—3.7. 
This  photograph  was  taken  when  the  nominal 
stress  in  the  notch  section  (v»)  was  equal  to  075  7 
percent  of  the  notch  Jen«ih  strength  - ). 

Figure  7(b;  illustrates  that  yielding  proceeds 
away  from  the  notch  at  an  angle  of  45e  from  the 
horizontal  and  does  not  proceed  u-rojw  the  mini¬ 
mum  notch  axis.  The  black  region  in  the  center 
of  (In  specimen  indicates  that  tins  section  has 


about  0  percent  shear  strain.  The  observation 
I  hat  the  greatest  amount  of  yielding  emanates 
and  proceeds  away  from  the  minimum  notch  sec¬ 
tion  explains  the  plastic  flow  behavior  in  tlu 
tandem  notch  specimen  (K,—  'i.7),  where  thy 
greatest  amoent  of  plastic  flow  occurred  away 
from  the  notch  root  bottom.  The  flow  pattern 
just  prior  to  fracture  for  two  of  the  wrought 
stress-relieved  specimens  is  shown  in  Figures  7  (r: 
and  fd).  Figure  7(c)  shows  the  yield  region  ror 
K,~ 3.7,  when  oJon.ta. =0.995.  We  see  lha» 
yielding  has  now  proceeded  across  the  entire  sec¬ 
tion  except  in  the  center  along  the  notch  waist 
where  the  strain  is  approximately  0.15  percent. 
The  plastic  shear  strain  at  the  notch  root  is  nov 
1.5  percent.  The  yield  region  for  /C,=  1.93.  when 
<r,/<r.v.r,a.— 0.994  is  shown  in  (d).  Here  we  sec 
that  plastic  flow  has  extended  across  the  entire 
notch  waist,  although  the  greatest  amount  of 
yielding  still  occurs  away  from  the  notch  waist. 
We  also  notice  that  the  enclave  area  nearest  the 
notch  is  now  more  circular  in  shape  and  not  us 
pinched  as  it  was  lor  the  sharper  notch.  That 
yielding  proceeded  across  the  entire  notch  waist 
for  the  mild  notch  hut  not  for  the  sharper  notch 
is  indicative  of  the  lower  degree  of  stress  hiaxiaiity 
for  the  mild  notch. 

The  extent  of  deformation  just  prior  to  and  after 
fracture  for  the  sharpest  notch  (K,= 8.3)  is  shown 
in  Figure  8.  Photographs  (a)  and  (b)  were  taken 
for  specimen  18-1)1  (recrystallized  at  1800°  C)  at 
«'■/*.%•  .rs.^O-OGS,  and  after  fracture.  Here  we  see 
that  the  high  hiaxiaiity  of  stresses  has  extremely 
limited  the  degree  of  plastic  flow  prior  to  fracture. 
Yielding  occurs  now  only  in  the  immediate  vicinity 
of  the  notch.  The  photograph  in  (b)  shows  that 
slightly  more  yielding  occurred  prior  to  fracture 
bin  that  the  center  portion  of  the  specimen  is 
essentially  still  elastic,  after  the  crack  has  passed. 
This  illustrates  rather  vividly  that  by  far  the 
largest  amount  of  energy  expended  in  a  ductile 
clcavnge  fracture  is  associated  with  plastie  flow 
prior  to  fracture  initiation  and  that  little  deforma¬ 
tion  occurs  during  the  propagation  of  the  crack. 
The  same  bchnvoir  is  observed  in  (c)  and  <d)  for 
specimen  13-112  (rocrystidlized  at  1,300°  C).  The 
y'rlding  shown  in  (r)  was  at  onhn.rj.wa 0.905 
Again  we  see  that  plastie  flow  is  very  localized  but 
more  yielding  did  occur  before  fracture  as  seen  it 
(d).  We  also  notice  (hat  the  specimen  was  under 
a  small  degree  of  eccentric  loading;  however,  the 
fracture  is  seen  to  initiate  at  the  notch  which 
underwent  the  least  amount  of  plastie  flow.  This 
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(<•!  l*l:iiilc  shear  strain.  Kt— 3.7. 


(d)  Plastic  shear  strain.  A',**  1.03. 


Fnu  hk  7  Nnehromatir  frltne**  for  vvronuht  'tr<‘««-relle\ ■•<!  material.  2X. 


specimen  wits  llti’  only  one  observed  tn  fracture 
•  ml  of  tin-  minimum  section.  The  crack  seen 
(•1111111111  irip  from  i In-  l(«fi  liiiml  tioirli  (i«*nirn*il  in 
:lic  routing  only  and  not  in  tin'  mrlitl.  I  'om pining 
In  iiimI  'il'  with  fin  mil  fill  we  see  I  hit  I  limn*  is 
very  little  ilillVrenre  in  the  amount  of  plastic  How 
|M'ior  to  fraeture.  If  'Vi1  reeilll  thill  the  <’ 

aimeiileil  ■inileriiil  exhihileil  *17  percent  elnttpalinii 
m  'lie  iinoolh  tensile  test  iiimI  that  the  I, .Stitt'’  (' 

20K 


annealed  material  lnul  A  pereent  clonpslion.  we 
ran  see  that  duetility  measured  under  .•  uniaxial 
state  of  stress  has  little  or  no  lwarinp  on  the 
tluelilitv  ohserveil  prior  to  fracture  untie,  a  biaxial 
stale  of  stress. 

The  strnin-hnrdeuinp  exponent  in)  was  deter¬ 
mined  for  the  l.:tlM»°  ('  annealed  material  and  the 
wrought  stress-relieved  muter  ml  V’hete  was 
i.isullieient  strain  prior  to  fraeture  to  determine  n 
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fur  i lif*  iwn  Inrjrrr  jrriiin  nizeil  mntoritiM .  Tin* 
•Ur.iin-hiinlrniiiy  exponent  (n)  viw  t,«>l<*rinifii*«t 
fmm  iln>  cmpiriciil  r»>lu I io;i.«|i j|»  a  A'4".  which  him 
hccii  loiiml  Jo  iiild|inilcly  iliicrihc  I  lie  phe*tic 

fir.- 1 1  >•  o  •«  i*. 


slrcnn-Htrnin  behnvinr  of  ninny  ineiiiN.  A  plol  of 
I  rue  Hire**  («)  vermin  t  rue  »t  ruin  (4)  on  loimritliiiiie 
iiNiriliunten  in  n  nlrni^hl  line  with  nlopo  w.  Tin* 
cocHicieiil  /\*  ineipnil  :o  the  I  rue  m  resw  nl  mil  true 
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st nun.  Tlio  rcsiuts  obtained  front  these  plots  arc 
shown  below. 


l..iOO°  ('a nneit/ 

/.  -  O.If.O 

K  trct.non  psi 
o  i.inx  ioad  — (  i4t» 


Wrought  xtnsx- 
relift'ft I 
n  =  «.0f)7 
K  138,000  psi 

6  i  tuiA  ioaii=0.0uu 


notch  root  corresponds  closely  with  the  G.2  percent 
offset  yield  stress  in  the  smooth  tensile  test,  ft 
can  be  shown  from  elasticity  theory  that  *,  at  a 
free  surface  is  as  follows: 


«r  «io  y 
1+r  =  l-fr 


Eq.  (7) 


It  •■an  be  shown  that  the  true  strain  at  the  maxi¬ 
mum  load  point  is  equal  to  Therefore,  a  test  of 
the  adequacy  of  the  actual  stress-strain  response 
for  the  pailic:  bir  material  is  to  compare  the  values 
of  n  with  8  at  the  maximum  load.  It  can  be  seen 
from  the  data  above  (hat  the  values  are  in  reason¬ 
ably  good  ngret-ment.  The  values  of  n  are  thus  in 
asrreement  with  the  qualitativ  information  from 
the  suess-strain  curves  which  indicated  that  the 
recrystallized  material  strain-hardened  much  more 
readily  than  the  wrought  stress-relieved  material. 
The  microhardness  data  in  Table  II  also  indicates 
(..at  little  or  no  strain -hardening  occurs  in  the, 
wrought  stress-relieved  materia*. 

The  shear  strain  at  the  notch  root  at  fracture 
was  calculated  from  the  isoehromatie  data  and  is 
presented  in  Tables  III,  IV'  and  V'.  These  are 
values  of  plastic  shear  strain  observed  just  prior 
to  fracture.  In  cases  where  the  plastic  strain 
pattern  was  not  observed  near  the  fracture  load  no 
data  are  presented.  Although  the  data  are  limited 
it  is  apparent  that  the  plastic  strain  at  the  root  of 
the  notch  jus?  prior  to  fracture  decrcnses  sharply 
with  increasing  stress  concentration  factor.  This 
is  indicative  of  increasing  biaxiality  at  the  notch 
root  with  increasing  stress  concentration  factor. 

The  notch  yield  strength  values  presented  in 
Tables  III,  IV  and  V  require  some  explanation 
and  nnalysis.  These  values  were  obtained  by 
determining  the  nominal  stress  in  the  notch  sec¬ 
tion,  when  yielding  was  first  observed  at  the  root 
of  the  notch.  Yielding  at  the  rcot  of  (he  notch  is 
defined  here  as  occurring  when  the  plastic  shenr 
strain  at  the  notch  root  is  equal  to  0.3  percent 
(the  first  fringe).  This  is,  of  course,  not  the 
yield  stress  or  yield  point  load  ns  defined  by  Hill 
( fW)  and  others  as  the  load  when  the  plastic 
enclaves  have  just  proceeded  across  the  entire 
notch  section.  This  yield  stress  will  be  discussed 
in  more  detail  later.  Defining  initial  yielding  as 
occurring  when  0.3  percent  strain  is  reached  at 
the  notch  root  has  several  advai.tages  Kirsi  of 
all  the  first  fringe  which  is  equal  (o  0.3  percent 
shear  strain  is  very  accurately  and  readily  deter¬ 
mined,  Secondly,  0.3  percent  shear  strain  at  the 
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where  v  is  Poisson’s  ratio.  If  a  is  assumed  equal 
to  0.5  in  the  plastic  runge  we  see  that  *,  =  0.003/ 
1.5  =  0.002  or  0.2  percent  strain  at  the  free  surface 
of  the  notch  root.  Thus  as  defined  yielding  at 
the  notch  root  surface  is  similiar  to  the  common 
0.2  percent  offset  technique  used  for  uniaxial 
tension.  The  estimated  accuracy  of  the  notch 
yield  stress  values  presented  in  the  tables  is  ±  1,500 
psi.  Two  interesting  observations  arc  made. 
The  data  indicate  that  for  a  given  materia!  con¬ 
dition,  yielding  at  the  notch  root  occurs  at  the 
same  nominal  stress  level  irrespective  of  K,. 
Secondly,  this  stress  level  corresponds  reasonably 
well  with  the  yield  stress  in  the  unnotched  speci¬ 
mens.  Thus  it  appears  that  the  material  at  the 
notch  root  is  ignoring  the  effect  of  the  stress 
concentration  factor.  From  elastic  considerations 
it  is  expected  and  usually  assumed  that  plastic 
deformation  begins  at  the  root  of  the  notch  when 
the  nominal  stress  level  is  equal  to  the  yield  stress 
of  the  unnotched  material  divided  by  the  theoreti¬ 
cal  stress  concentration  factor  (<rn=a9,,JK,). 
This  we  see  was  not  found  to  be  true  experi¬ 
mentally.  Thus  it  appears  that  the  material 
surrounding  the  notch  root  region  is  very  effec¬ 
tively  constraining  this  region  and  not  allowing 
it  to  behave  in  a  uniaxial  manner.  It  may  be 
argued  that  if  a  very  small  strain  gage  were  placed 
in  the  notch  root  to  measure  *,  directly  on  the 
notch  surface  rather  thnn  on  the  surface  of  the 
sheet,  results  closer  to  those  predicted  by  the 
theory  rr.ay  be  obtained.  This  may  be  the  case; 
however,  the  yielding  of  an  infinitely  thin  surface 
layer  of  material  would  have  very  little  effect  on 
the  flow  behavior  of  a  structure  of  the  sixe  used 
in  this  investigation. 

It  was  mentioned  previously  that  the  yield  point 
load  in  notched  specimens  is  usually  denned  os  the 
load  at  which  yielding  just  extends  ac.oss  the 
entire  notch  section.  Allen  and  Southwell  (7) 
have  performed  an  elastic-plastic  stress  analysis, 
using  n  relaxation  technique,  and  have  predicted 
the  yield  point  load  for  a  non-slrain-hardening 
material  for  a  semi-cirrular  and  a  V-notch  of 
50  percent  notch  depth  for  both  the  care  of  plane 
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sliniii  and  piano  si rear.  It  is  of  interest  to  cotn- 
pnrc  tlio  yield  point  loads  predicted  by  Allen  and 
Southwell  for  the  plane  stress  ca.se  with  those 
experimentally  detent  ine;l  in  this  study.  This 
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Comparisons  cam.ol  he  made  for  the  sharp 
notch  (K.  )  as  the  yield  point  load  was  never 

reached.  The  elastic-plastic  stress  analysis  is 
seen  to  predict  an  increase  in  the  applied  nominal 
stress  (a„)  at  the  yield  point  as  the  notch  sharpness 
is  increased.  The  data  fo.’both  the  wrought 
stress-relieved  material  and  the  annealed  material, 
however,  show  that  the  notched  to  unnotehed 
yield  stress  ratio  is  apparently  constant,  regardless 
of  the  notch  sharpness.  It  is  also  noticed  that 
although  the  annealed  material  strain  hardened 
quite  readily  it  does  not  seem  to  invalidate  the 
comparison  even  though  the  theory  was  predicted 
for  a  non-strain-lmrdening  material.  The  ob¬ 
servation  that  the  yield  point  stress  in  the  notchc' 
specimens  was  higher  than  the  yield  stress  in  the 
unnotched  specimens  is  explained  by  the  fact  that 
the  eontraetion  in  sheet  thickness  which  ordinarily 
accompanies  a  uniform  axial  extension  is  restricted 
hv  the  larger  adjoining  bulk  of  essentially  elastic 
material  in  the  notch  region.  This  produces  a 
transverse  tensile  stress  which  in  turn  reduces  the 
necessary  shear  stress  for  yielding  and  thus  the 
nominal  axinl  stress  must  be  increased.  In  this 
connection,  Orowan  (37)  has  defined  a  notch  or 
“plastic  constraint  factor.”  He  defines  the  mean 
constraint  factor  as  being  equal  to  tLe  ratio  of  the 
nominal  stress  in  the  notch  section  at  the  yield 
point  to  t he  uniaxi.ll  yield  stress.  He  defines  the 
maximum  constraint  factor  as  the  ratio  of  the 
highest  value  of  <jn  in  the  notch  section  to  the 
uniaxial  yield  stress.  Orowan  has  calculated 
that  the  maximum  constraint  factor  of  an  ideally 
plastic  material  is  about  and  the  mean  con¬ 
straint  factor  about  2.(1.  The  maximum,  as  well 
us  the  mean,  constraint  factor  for  the  two- 
dimensional  ideal  notch  in  an  ideally  plastic  solid 
was  calculated  to  he  2.57.  Thus,  no  notch  or 
crack  can,  from  plastic  constraint,  raise  the  tensile 
stress  above  2..17  or  .'t..'t  (approximately  U)  times 
tiic  uniaxial  yield  s' less  From  the  data  presented 


above,  it  was  seen  that  for  both  the  wrought 
stress-relieved  material  and  the  reerystnllizcd 
material  thul  the  mean  constraint  factor  was  about 
1.1.  This  low-  plastic  constraint  factor  is  indica¬ 
tive  of  the  observed  liehaiior  that  very  little 
plastic  flow  Oicurred  prior  to  cleavage  fracture 
We  saw  that  the  sharp  notch  specimens  fractured 
Ix-fore  the  yield  point  load  was  reached,  and  that 
in  the  most  ductile  notch  fractures  only  about  2.5 
percent  strain  was  observed  at  the  notch  root. 
It  will  be  shown  later  that  the  plastic  constraint 
factor  in  the  yield  region  at  the  root  of  the  notch 
can  he  about  twice  as  large  as  this  mean  constraint 
factor  in  the  notch  section. 

While  several  investigators  have  applied  at. 
elastic  analysis  in  the  state  of  stress  and  strain  at 
the  root  of  a  notch  or  t lie  tip  of  a  crack  in  tension, 
very  little  has  been  done  m  the  way  of  an  clnstic- 
plaslic  stress  analysis.  The  principal  exception  to 
this  is  the  extensive  analysis  of  .Vilen  and  South- 
well  (7)  who  have  applied  an  clnstir- plastic  analy¬ 
sis  to  the  problems  r*r  V-notehcd  and  semicircular 
notched  tensile  lairs  under  conditions  ofijoth  plane 
strain  and  plane  stress.  The  relaxation  procedures 
used  by  Allen  and  Southwell  have  been  extended 
to  the  case  of  an  externally  cracked  tensile  bar 
subjected  to  plane  strain  by  Jacobs  (8).  Recently, 
Stimpson  and  Eaton  (6)  have  applied  an  elastic- 
plastic  ctrccc  to  thr  rnse  of  an  externally 

cracked  tensile  specimen  under  plane  stress  condi¬ 
tions.  The  plastic  enclaves  determined  experi¬ 
mentally  in  this  study  allow  a  comparison  to  be 
made  with  the  theoretical  results  from  the  elastic- 
phis' ic  analysis  by  Allen  and  Southwell  and 
Stimpson  nnd  Eaton.  The  results  are  compared 
for  the  wi ought  stress-! clievcd  material  with 
K  7.  It  was  shown  before  that  the  wrought 
stressed-reiieved  material  is  a  very  good  approxi¬ 
mation  to  a  non-st  rain-hardening  material  which 
is  an  assumption  list'd  in  the  elastic-plastic  analysis. 
The  experimental  enclaves  determined  in  this 
study  arc  shown  in  Figure  9. 

The  yielding  is  shown  to  progress  away  from  the 
notch  root  ns  the  nominal  stress  ir.  tho  notch  sec¬ 
tion  (<r„)  is  increased.  The  enclaves  are  shown 
quantitatively  as  a  function  of  the  octahedral  shear 
stress  (r„,),  as  in  the  clast ic-plastie  analysis,  the 
oet  diednd  shear  limitation  of  the  von  Mises- 
Ihieky  theory  is  chosen  as  the  yield  criterion. 
This  criterion  slates  tlml yielding  first  occurs  when 
any  combination  of  the  principal  stresses  reaches  n 
critical  (constant)  value. 
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I'HirHK  n.  Scijih  tit***  of  plastic  enclave*  for  wrought 
>1  rr«*-relieveil  material  SO*',’  notch  depth.  K,  -3.7. 


h'li.t  lit.  III.  Sequence  of  pliiXic  enclave*  InlniH'  *lre«.i). 
•VI* nolcli  depth  (lief.  71. 


Flume  1 1  Sequence  of  plastic  enclrvc*  (plane  stress), 
crack  is  JKI'  J  through  width  (Ref.  6). 

(.tr.,,)'  -  (s’,  — ffj)'-- («r,— ffj)5— («r,  — «r,)*  Eq.  (8) 

In  simple  tension  T#,,=%2/3<r,,  or  rM(s=0.47l»i, 
where  <r,  is  the  yield  stress.  The  theoreiical  plastic 
enclaves  are  shown  in  Figures  10  anti  11.  The  en¬ 
claves  are  shown  for  one  quiulrant  of  the  notched 
section  nn«l  the  Y  axis  is  the  tensile  direetion. 
Figure  10  shows  the  sequence  of  plastic  yielding 
for  the  90°  v-nolcb  of  Allen  and  Southwell  and  the 
crack  notch  specimen  of  Stimpson  and  Eaton  is 
shown  in  Figure  11.  Both  qualitatively  and 
quantitatively  there  appears  to  be  good  agree¬ 
ment.  The  experiment  ally  determined  enclaves, 
however,  appear  *o  be  more  pinched  along  the 
notch  waist  than  those  predicted  for  the  V-niAch. 
It  is  also  observed  that  they  climb  back  along  the 
notch  side  which  was  not  predicted  for  the 
V-notch.  A  quantitative  comparison  of  the 
enclave  areas  as  a  function  of  applied  stress  of 
Allen  and  Southwell  ami  Stimpson  and  Eaton  has 
recently  been  made  by  Wiliams  ( 9 ).  T!::s  com¬ 
parison  along  with  the  experimental  results  of 
this  study  arc  shown  in  Figure  12.  The  enclave 
area  per  qundrant,  where  d  is  the  notch  width, 
is  shown  ns  a  function  of  the  ratio  The 

agreement  between  the  experimental  and  the 
llicorotiea!  elastic-plastic  results  is  seen  to  lie 
very  good.  It  was  stated  previously  that  r„,= 
V2/3  «y,  in  simple  tension,  or  2. 12e.fl. 

thus  we  see  in  Figure  12  that  when  the  nominal 
stress  in  the  notch  section  Iwcoiiies  equal  to  Hie 
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siiiooi h  tensile  stress,  there  is  a  rapid  increase 
in  the  amount  of  yielding. 

I  he  mi;  k  of  Stirupno!!  ami  Eaton  has  ul-o  shown 
that  the  axial  stress  in  the  notch  section  increased 
from  the  root  of  the  notch  to  a  maximum  value,  at 
t lie  elastic-plastic  interface,  equal  to  about  2.8 
times  the  uniaxial  yield  stress.  Thus,  the  maxi¬ 
mum  plastic  consTaint  factor  in  the  yield  region 
at  the  crack  lip  is  2.8.  This  calculation  was  made 
for  a  value  of  the  nominal  stress  equal  to  2.JG 
or  u,  -  1 .02  <r„ , .  The  iwteiu  of  the  yield  region  for 
this  value  is  shown  in  Figure  1 1  as  it,,.  This  yield 
region  is  quite  similnr  to  the  yield  region  in  Figure 
K(n)  for  K,  N.8.  For  the  yield  region  shown  in 
Figure  8(a)  the  value  of  the  nominal  siriss  in  the 
notch  section  is  2.1  r„,,  dr  a,  0.08  <7„ , .  These 
figures  indicate  that  it  is  reasonable  to  compare 
the  results  of  the  elastic-plastic  stress  analysis  for 
the  cracked  specimen  to  those  for  the  sharply 
notched  spccimei  .  Thus.  the  axial  stress  at  the 


clastic-plastic  interface  shown  for  the  !.S00°  f’ 
annealed  material  in  Figure  8(a)  should  be  about 
2<r„  or  somewhat  less  than  the  2.8  value  for  ihe 
cracked  specimen.  The  value  of  the  shear  strain 
to  cause  this  plastic  constraint  is  about  0.8  pcrccn’ . 
The  enclave  shown  in  Figure  7(b)  fer  the  wrought 
stress-relieved  material,  which  is  <r,  in  Figure  £*,  is 
perhaps  a  better  comparison  with  the  c,  enclave 
in  the  cracked  specimen  in  Figure  11.  Therefore, 
the  ratio  of  t he  axial  3lress  to  the  uniaxial  yield 
stresr,  should  be  about  2.8  at  this  elastic-plastic 
interface.  We  demonstrated  earlier  that  the  mean 
plastic  constraint  factor  for  K,~3.7  was  about  I.I. 
Thus,  we  see  that  while  the  mean  plastic  constraint 
factor  can  be  quite  low,  that  in  the  flow  region  t-. 
the  root  of  the  notch  the  plastic  constraint  factor 
can  he  considerably  higher,  and  as  was  shown  for 
the  sharp  notch  the  magnitude  of  the  strain  neces¬ 
sary  to  raise  the  axial  stress  to  about  2«,  is  quite 
*1 .  This  observation  is  quite  important  ns  it 
illusttntes  that  only  a  small  amount  of  strain  is 
'necessary  to  cause  h  considerable  increase  in  the 
axial  stress  at  the  tip  of  a  notch  or  crack,  which 
will  ohviouslv  plnv  an  important  role  in  the  frac¬ 
ture  initiation  process,  when  cracks  initiate  l»y 
cleavage.  This  maximum  plastic  constraint  factor 
would  he  exported  to  be  larger  and  closer  lo 
Oco  wan’s  value  of  8  for  a  triaxial  stress  condition. 
It  is  interesting  to  note  here  that  these  experi¬ 
mental  observations  were  realized  earlier  by  Cot¬ 
trell.  1 1  was  Orownn’s  maximum  plastic  constraint 
factor  which  provided  the  basis  for  Cottrell’s  value 
of  ft  equal  approximately  lo  'i  in  his  ductile-brittle 
transition  criterion  expressed  in  Equation  (4). 
Cot  troll  stHtcd  that  the  localized  plastic  strain 
needed  to  raise  the  tensih  stress  by  a  factor  of  3  i« 
small  and  of  the  same  order  ns  the  elastic  strain, 
lie  thus  applied  the  p!r.sfie  eonstrain!  argument 
on  a  microscopic  scale  and  in.  the  derivation  of 
Equation  (4)  stated  that  the  microscopic  tensile 
stress  acting  cn  ihe  two  intersecting  slip  pianos 
will  he  increase! I  h\  the  factor  8  or  equivalently 
change  &  to  II. 

A*  least  two  investigators  have  applied  elastic- 
plastic  stress  analysis  sol" lions  to  the  problem  of 
fracture  initiation  in  cylindrical  notched  tensile 
bin's,  llftulrickoou.  Wood,  and  Clark  (SS)  !»a>e 
applied  Allen  and  Southwell's  plane  strain  analysis 
in  studying  frneture  initiation  in  round  notch  d 
tensile  speeiineiis  of  an  annealed  low-carbon 
steel  at  low  temperatures.  Their  results  shower! 
that  the  maximum  tensile  stress  within  the 
specimen  occurred  r.t  the  elnstie-plastir  interlace 
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below  tin-  root  of  tin*  notch.  Their  results  ulso 
indicated  that  brittle  fracture  initialed  nt  the 
elastic-plastic  interface  when  the  stress  there 
reached  a  maximum  critical  value,  and  that 
this  critical  stress  was  independent  of  temperature 
and  rule  of  loading.  The  location  of  the  elastic- 
plastic  interface  was  verified  by  microhurdness 
studies;  however,  no  mctullogruphic  evidence  wus 
presented  to  show  that  the  fracture  did  indeed 
initiate  at  the  elastic-plastic  interface.  This 
premise  is  supported  indirectly,  however,  bv  the 
work  of  Troiano  who  in  studying  the  effect 
of  hydrogen  on  the  delayed  failure  behavior  of 
steel  and  other  alloys,  found  in  sustained  load 
tests  on  hydrogenerated  notched  specimens  that 
cracks  initialed  below  the  notch  root  in  the  region 
of  highest  triaxiolity  of  stresses.  In  studying 
fracture  initiation  in  creep-rupture  studies  of 
notched  specimens,  Mirkin  and  Trunin  (40)  also 
found  that  the  maximum  tensile  stress  occurred 
at  the  elastic-plastic  interface.  In  their  study, 
metallographic  evidence  showed  that  microeracks 
did  indeed  initiate  at  the  elastic-plastic  boundary. 

Elastic-plastic  stress  analysis  results  have  shown 
that  the  maximum  transverse  or  radial  stress 
also  occurs  at  the  elastic-plastic  interface.  This 
result  is  experimentally  verified  in  this  work  by 
the  isoclinic  data  which  was  obtained  from  the 
photoclastic  coating  studies.  From  principles  of 
photo-elasticitv,  Frocht  (41)  has  shown  that 
where  the  zero  isoclinic  (locus  of  points  along 
which  the  principal  stress  «rt  is  parallel  to  the 
tensile  axis)  intersects  the  axis  of  symmetry,  the 
transverse  (<r3)  stresses  must  have  maximum  or 
minimum  values.  By  comparing  the  zero  degree 
isoclinics  for  elastic  loads  and  after  yielding  had 
occurred,  it  wus  observed  that  the  zero  isoclinic 
intersected  the  horizontal  axis  ut  the  elastic-plastic 
interface  indiruled  b\  the  first  fringe.  Thus, 
<r,  as  well  as  <r,  reaches  a  maximum  value  at  the 
elastic-plastic  interface  and,  therefore,  a  hydro¬ 
static  state  of  tension  would  tend  to  favor  fracture 
initiation  at  this  location.  It  is  interesting  to 
note  that  the  two  studies  mentioned  above  that 
have  shown  mctallogT&phically  that  microcracks 
initiate  below  the  root  of  the  notch  have  both 
utilized  sustained  loading  techniques.  That  mi- 
eroeracks  are  easier  to  detect  with  this  type  of 
loading  in  contrast  to  inonotonic  loading  is 
readily  apparent.  In  this  respect,  it  is  also  felt 
that  the  tandem  notch  specimens  used  in  this 
study  should  be  a  valuable  tool  in  locating  the 
site  of  crack  initiation  with  the  added  advantage 


of  being  able  to  vary  the  loading  rate  when 
this  variable  is  of  importance.  In  this  study,  it 
has  been  shown  that  cracking  initiated  at  the 
notch  root  surface  at  grain  boundary  sites. 
That  crack  initiation  was  not  observed  to  be 
associated  with  the  elastic-plastic  interface  is  not 
surprising  when  one  considers  molybdenum's 
low  resistance  to  eleuvage  crack  initiation  and 
the  small  amount  ol  plastic  flow  that  was  observed 
in  these  specimens.  For  the  two  sharper  notches 
it  is  readied  that  the  maximum  amount  of  strain 
that  was  observed  was  about  1  J>  percent  and  in 
no  case  was  any  reduction  in  sheet  thickness 
observed  nor  was  there  any  indication  of  a  shear 
lip.  Another  important  factor  is  that  the  biaxial 
state  of  stress  in  a  sheet  specimen  wonld  not  be 
expected  to  be  nearly  as  efTect.ivi  in  promoting 
crack  initiation  as  the  triaxial  state  of  stress  in 
notched  cylindrical  specimens  which  were  used 
by  both  Troiano  and  Mirkin  and  Trunin. 

ENERGY  OF  DEFORMATION  DURING 
FRACTURE 

Let  us  now  look  at  another  aspect  of  this  com¬ 
plex  fracture  problem  and  consider  the  energy  of 
deformation  during  fracture.  It  was  stated  earlier 
that  the  energy  expended  in  the  total  fracture  proc¬ 
ess  can  be  broken  into  two  parts:  that  which 
occurs  in  plastic  Row  prior  to  crack  initiation  and 
that  which  occurs  during  the  propagation  of  the 
crack.  It  was  concluded  previously  from  the 
initial  yielding  studies  that  for  these  specimens,  all 
of  the  detectable  yielding  occurred  prior  to  crack 
initiation.  Let  us  now  treat  the  matter  in  a  some¬ 
what  more  quantitative  manner.  The  effective 
surface  energies  for  crack  propagation  which  were 
calculated  earlier  may  be  misleading  for  two  rea¬ 
sons.  First,  the  precise  critical  crack  size  was  not 
able  to  be  obtained  and  secondly  the  effective 
surface  energy  expressed  as  energy  per  unit  area 
of  cracked  stirfso*  does  not  allow  us  to  determine 
the  energy  expended  in  plastic  flow  either  prior  to 
or  during  crack  propagation  which  occurs  in  a  unit 
volume  of  the  material  and  not  on  a  unit  surface. 
Moser  (42)  in  1924,  in  a  study  of  the  interpretation 
of  notched  bar  impact  tests  results,  demonstrated 
that  the  quantity  of  energy  absorbed  by  the  unit 
of  volume  of  material  undergoing  deformation  is  a 
constant  for  a  given  material  and  is  thus  a  material 
characteristic.  The  value  of  the  "work-constant” 
of  the  unit  volume  was  independent  of  the  size  of 
the  specimen  and  the  shape  of  the  notch  and  could 
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only  bo  chunged  by  chunging  the  nature  of  the 
material,  suoh  as  different  heat  treatments.  This 
principle  must  certainly  be  general  and,  therefore, 
applicable  to  the  tensile  case.  Hahn  (48)  lias 
pointed  out  that  the  effective  surface  energies  de¬ 
termined  either  from  the  Griffith-Orownn  or  the 
Griffitb-Trwin  treatments  are  not  a  basic  material 
property  but  a  function  of  yield  strength,  delayed 
yield  effects,  work  hardening,  plastic  constraint 
and  effective  surface  energy.  It  has  also  been 
pointed  out  by  Wessel  (48),  that  fracture  energy 
measurements  should  be  related  to  the  volume  of 
affected  metal  and  not  the  unit  area  of  the  frac¬ 
tured  surface. 

In  light  of  the  above  discussion,  it  is  tempting 
to  try  to  estimate  the  energy  per  unit  volume  in¬ 
volved  in  plastic  flow  prior  to  fracture  in  the 
notched  tensile  specimens.  The  energy  expended 
in  yielding  of  the  notched  specimens  can  be  esti¬ 
mated  from  knowing  the  volume  of  deformed 
metal,  the  mean  stress  (<r*)  acting  on  the  de¬ 
formed  volume  and  the  mean  strain  (<*)  in  the 
deformed  volume.  Thus,  the  work  function  or 
the  energy  per  unit  volume  (H’f)  can  be  estimated 
from 

H’«=<r*<*  Eq.  (9) 

In  Equation  (9)  an  ideally  plastic  stress-strain 
curve  is  assumed.  Calculations  of  these  quantities 
are  made  for  the  sharp  notch  (®=8.3)  specimen 
of  the  1,800°  C  recrystallized  material  where  the 
deformation  is  confined  to  the  immediate  vicinity 
of  the  notch  root.  The  isochromatic  data  reveal 
that  the  mean  shear  strain  (-ym)  in  the  yielded 
region  is  approximately  0.003  inch  per  inch.  It 
has  been  shown  theoretically  and  recently  ex¬ 
perimentally  (44)  that  a  plane  strain  region  exists 
beneath  the  root  of  a  sharp  notch ;  therefore,  it  can 
safely  be  assumed  that  <*=7*.  An  estimate  of 
v*  is  a  little  more  difficult;  however,  we  know  that 
the  stress  at  the  root  of  the  notch  cannot  be  less 
than  the  yield  stress  of  the  material  (35,900  psi), 
and  from  elastic-plastic  stress  analysis  results  we 
know  that  the  tensile  stress  increases  across  the 
yield  region  to  a  maximum  value  at  the  elastic- 
plastic  interface.  It  is  worth  noting  here  that  this 
fact  has  not  been  recognized  by  many  investi¬ 
gators  who  usually  assume  that  the  tensile  stress 
is  a  constant  value  equal  to  the  yield  stress  in  the 
plastic  flow  region  at  the  tip  of  a  crack  or  a  notch. 
This  is  not  the  case,  however,  and  the  elastic 
stress  gradient  is  reversed  after  yielding  occurs  and 


the  stress  increases  as  you  proceed  away  from  the 
notch  across  the  yielded  region. 

The  tensile  stress  in  the  plastic  range  can  be 
expressed  by 

*i=y~^i  Eq.  (10) 

where  e  is  Poisson’s  ratio  equal  to  1/2,  and  U  is  the 
plastic  modulus  determined  from  the  slope  of  the 
stress-strain  curve  at  o  strain  value  of  0.003  inch 
per  inch.  The  use  of  engineering  stresses  and 
engineering  strains  is  n  valid  assumption  as  we 
are  dealing  with  small  values  of  plastic  strain.. 
For  large  plastic  strains,  true  stresses  and  true 
strains  must  be  used.  From  Equation  (10)iri  is 
calculated  to  be  48,500  psi.  From  the  elastic- 
plastic  stress  analysis  of  an  externally  cracked 
specimen,  Stimpson  and  Eaton  show  that  <r*  in 
the  plastic  flow  region  should  he  about  twice  the 
applied  stress.  If  this  result  is  applied  to  the 
sharp  notched  specimen  in  this  case,  am  is  deter¬ 
mined  to  be  67,000  psi.  Thus,  the  value  of  <r* 
calculated  to  be  48,500  psi  seems  reasonable. 
If  we  now  put  the  values  of  <r*=48,500  psi  and 
<*=0.003  inch  per  inch  into  Equation  (10)  and 
multiply  by  2  to  account  for  both  notches,  we 
calculate  W,  to  be  2.0X107  ergs/cm’.  This  work 
function  cun  be  compared  with  the  area  under  the 
smooth  tensile  stress-strain  curve  which  is  the 
energy  absorbed  per  unit  volume  in  fracturing. 
This  area  was  measured  and  the  work  function 
was  calculated  to  be  1.2X10k  ergs/cm1.  By 
comparison,  the  area  under  the  stress-strain  curve 
for  the  2,100°  C  annealed  material  was  found  to 
be  1.3X107  ergs/cm’.  Admittedly,  these  calcula¬ 
tions  arc  quite  approximate;  however,  there  is  at 
least  sufficient  agreement  to  suggest  that  this  is  a 
fruitful  avenue  of  approach  and  warrants  more 
highly  refined  experiments,  so  that  a  precise 
knowledge  of  the  stored  energy  in  the  system  is 
known  at  the  onset  of  rapid  fracture.  Knowledge 
of  a  true  material  characteristic  such  as  the  work 
function  which  is  independent  of  test  conditions 
and  specimen  shape  would  be  invaluable  to  the 
materials  engineer. 

ETCH  PIT  STUDIES 

The  final  portion  of  this  investigation  deals  with 
dislocation  density  measurements  determined  by 
etch  pit  techniques.  It  was  hoped  that  the  strain 
distribution  at  the  roots  of  the  notched  specimens 
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could  be  studied  by  dislocation  density  measure¬ 
ments.  A  comprehensive  investigation  of  etch 
pit  techniques  for  revealing  dislocations  and 
subgrains  in  molybdenum  has  been  conducted 
by  Adams  et  al.,  (45).  The  etch  pit  studies  were 
carried  out  on  both  the  tandem  notch  specimens 
and  the  smooth  tensile  specimens  for  the  1,300°  t' 
and  1,800°  C  annealed  materials.  The  specimens 
were  heated  in  hydrogen  at  050u  ('  for  30  minutes 
prior  to  the  electrolytic  polishing  and  chemical 
etching  technique  descrilfod  in  the  experimental 
procedure.  The  calculated  dislocation  densities 
are  listed  below.  All  of  the  eteli  pit  observations 
were  made  at  a  magnification  of  1800x. 


Material  condition 
Annealed — 1,300°  C. . 
Annealed — 1,300°  C  . . 
Annealed  1,800°  C.. 
Annealed-  1,800°  C 


Dislocation 
%  strain  density  lines.1 

cm1 

0  8.4X10’ 

Ui  . 

0  3.1X10’ 

3.4  9.4X10’ 


‘File  data  listed  above  was  obtained  from  the 
smooth  tensile  specimens.  The  etch  pits  for  the 
1,300°  ('  annealed  material  strained  lf>  percent 
and  for  the  wrought  stress-relieved  materia) 
both  strained  and  unstrained  were  too  dense  to 
count.  Substructure  formation  was  observed  in 
these  specimens.  The  increase  in  dislocation 
density  with  percent  strain  is  illustrated  in 
figure  13. 

The  eteh  pit  investigations  at  the  root  of  the 
sharply  notched  specimens  in  the  section  which 
did  not  fail,  revealed  that  there  was  no  increase 
in  density  over  the  annealed  condition  for  both 
the  1,300°  C  and  1,800°  C  material  conditions. 
This  result  is  expected  when  we  recall  that  the 
maximum  strain  at  the  root  of  the  sharply  notched 
specimens  was  about  0.5  percent  and  for  the 
1 ,800°  C  condition  it  was  observed  that  the  dis¬ 
location  density  increased  only  by  a  factor  of  3 
for  a  strain  of  3.4  percent.  It  appears  from  this 
very  limited  etch  pit  study  that  a  quantitative 
^measurement  of  strain  at  the  root  of  a  sharp 
notch  in  recrystallized  molybdenum  would  be  dif¬ 
ficult  to  obtain  from  dislocation  density  measure¬ 
ments.  A  more  complete  investigation  should  be 
conducted,  however,  so  that  the  precise  disloca¬ 
tion  multiplication  rate  can  be  determined. 


SUMMARY 


This  is  not  intended  to  be  a  comprehensive 
summary  of  all  the  test  results  but  merely  an 
attempt  to  assemble  together  the  results  concern¬ 
ing  the  nature  of  fracture  in  the  notched  specimens 


(al  0%  strain. 


(b)  3.4%  strain. 

Florae  13.  Etch  pits  in  1,800°  C — Annealed  material 
with  vnrying  amounts  of  strain,  1800X. 


of  polycrystalline  molybdenum  sheets.  From  the 
initial  yielding  studies  and  also  from  the  fracture 
and  yield  stress  data  in  Figure  5  it  is  seen  that 
fracture  is  always  preceded  by  yielding  and  that 
the  yielding  is  quite  local  for  the  sharp  notch. 
Thus,  plastic  flow  is  an  essential  condition  for 
fracture  under  these  conditions.  It  was  also  seen, 
however,  that  fracture  occurred  at  the  notch  root 
bottom  but  the  region  of  greatest  strain  energy 
and  largest  amount  of  plastic  flow  was  located 
away  from  the  notch  bottom  at  some  acute  angle 
from  the  horizontal  notch  axis. 

It  was  shown  in  Figure  8(d)  that  fracture  initi¬ 
ated  at  the  notch  with  the  least  amount  of  plastic 
flow.  It  seems  therefore,  that  yielding  or  plastic 
strain  is  an  essentia]  condition  for  fracture  but  not 


216 


the  governing  factor  in  initiation  in  this  case.  It 
was  also  demonstrated  that  initial  yielding  at  the 
notch  root  occurred  at  the  same  nominal  streas 
level  independent  of  K,,  yet  the  notched  samples 
were  considerably  more  brittle  than  the  smooth 
samples,  ns  both  the  magnitude  of  strain  and 
stress  at  fracture  were  decreased  in  the  presence 
of  a  notch. 

In  Figure  5  it  is  clear  that  the  decrease  in  frac¬ 
ture  strength  due  to  the  presence  of  a  notch  is 
greatest  for  the  most  ductile  material  condition 
and  that  this  effect  diminishes  with  increasing,  ma¬ 
terial  brittleness.  This  evidence  seems  to  lead  to 
the  conclusion  that  plastic  constraint  must  be  the 
important  factor  in  governing  fracture  behavior  in 
these  notched  specimens.  It  hus  been  shown  that 
for  the  sharp  notch  specimens,  plastic  constraint 
can  increase  the  local  axial  stress  beneath  the 
notch  root  to  a  value  of  about  two  times  the  yield 
stress  at  the  notch  root  surface  and  that  this  oc¬ 
curs  at  small  values  of  strain.  That  fracture  wus 
not  observed  to  initiate  at  the  elastic-plastic  inter¬ 
face  maj-  well  be  due  to  the  overriding  importance 
of  the  low  cohesive  strength  of  the  grain  boundary. 
Also  because  of  the  very  low  effective  surface  en¬ 
ergy  for  fracture  the  importance  of  internal  stress 
concentration  factors  at  grain  boundary  intersec¬ 
tions  may  well  be  playing  an  important  role  in 
determining  the  fracture  initiation  site  in  these 
specimens. 

In  terms  of  understanding  notch  behavior  the 
results  obtained  lead  to  some  logical  extensions  of 
this  work.  To  understand  further  the  importance 
of  plastic  constraint,  it  would  be  desirable  to  dupli¬ 
cate  these  teBts  using  sheet  thickness  as  a  variable 
and  going  to  very  thin  sheets.  The  role  of  the 
elastic-plastic  interface  might  be  clarified  by  con¬ 
ducting  similar  tests  over  a  range  of  temperatures. 
It  would  also  be  highly  desirable  to  conduct  bi¬ 
crystal  experiments  to  determine  the  role  of  the 
grain  boundary  and  the  grain  boundary  precipitate 
in  governing  fracture  initiation  behavior. 

CONCLUSIONS 

1.  Fracture  in  notched  recrystallized  molybde¬ 
num  initiates  at  grain  boundary  sites  at  the  notch 
root  surface  and  propagates  almost  entirely  by 
transgranulor  cleavage. 

2.  For  relatively  ductile  fine  grained  molybde¬ 


num  the  general  effect  of  increasing  notch  severity 
is  to  decrease  the  fracture  strength  by  inhibiting 
plastic  flow;  however,  for  the  larger  grain  size 
recrystallized  material  in  which  the  ability  to  flow 
plastically  is  reduced,  the  detrimental  effects  of 
increasing  notch  severity  are  lessened. 

3.  Tandem  notch  specimens  have  been  shown 
to  be  a  helpful  tool  in  studying  fracture  initiation. 

4.  Analysis  of  the  smooth  tensile  properties  for 
lire  recrvstallized  material,  according  to  the 
Griffi th -Oro wan  theory  for  crack  propagation  and 
the  Cottrell  criterion  for  crack  initiation,  show 
that  the  effective  surface  energies  for  crack  propa¬ 
gation  and  crack  initiation  are  the  same  order  of 
magnitude,  which  is  10s  ergs/cm!.  This  finding  is 
supported  by  the  experimental  observation  that 
no  microeracks  were  found. 

5.  Photoelustic  coatings  have  been  shown  to  be 
a  useful  tool  in  studying  initial  yielding  in  notched 
sheet  tensile  specimens. 

6.  Plastic  flow  regions  determined  experimen¬ 
tally  from  the  photoelastic  coating  studies  have 
Ik'cii  shown  to  be  in  good  agreement,  both  qual¬ 
itatively  and  quantitatively,  with  theoretical 
results  predicted  by  elastic-plastic  stress  analysis. 

7.  The  initial  yielding  studies  have  shown  that 
the  volume  of  plastically  deformed  metal  de¬ 
creases  as  the  stress  concentration  factor  increases, 
and  that  all  of  the  detectable  yielding  occurs  prior 
to  crack  initiation. 

8.  Initial  yielding  at  the  notch  root  was  found 
to  occur  ut  the  same  nominal  stress  level  for  a 
given  material  condition,  independent  of  the  mag¬ 
nitude  of  the  stress  concentration  factor.  This 
nominal  stress  in  the  notch  section  was  very 
nearly  equal  to  the  smooth  tensile  yield  stress. 

9.  Limited  dislocation  density  measurements 
determined  by  etch-pit  techniques  reveal  that  a 
quantitative  measurement  of  strain  at  the  root  of 
a  sharp  notch  in  recrystallized  molybdenum  is 
difficult  to  obtain  by  ?pch  a  technique.  It  is  felt, 
however,  that  a  more  complete  investigation  is 
necessary  in  order  that  a  precise  dislocation 
multiplication  rate  can  be  determined. 
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